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SUMMARY 
Thermal transport at small length scales has attracted significant attention in recent 
years and various experimental and theoretical methods have been developed to establish 
the impact of nanostructuring on thermal conductivity. A thorough comprehension and 
control of thermal transport in nanoscale thermoelectric, microelectronic and 
optoelectronic devices is crucial since it is paramount to their optimum performance. The 
fundamental understanding of how phonons move and the physical mechanisms behind 
nanoscale thermal transport, however, remain poorly understood. In this thesis, we move 
beyond thermal conductivity calculations and provide a rigorous and comprehensive 
physical description of thermal phonon transport in layered nanostructures by solving the 
Boltzmann transport equation and extending the Beckman-Kirchhoff surface scattering 
theory with shadowing to precisely describe phonon-interface interactions.  
We commence with analyzing periodic layered nanostructures called superlattices. 
We explicate in-plane thermal energy distribution in Si-Ge, GaAs/AlAs and their alloy-
based superlattices by segregating it in two different heat transport modes having different 
physical properties at small length scales: layer-restricted and extended heat modes. We 
study how interface conditions, periodicity, and composition can be used to manipulate the 
distribution of thermal energy flow among such layer-restricted and extended heat modes. 
We predict the frequency and mean free path spectra of superlattices, which provide inputs 
for thermal management and investigation of the existence of phonon wave effects. For III-
V superlattices, we provide an extensive microscopic analysis of phonon transport to 
enable rational thermal material design. We also predict the thermal conductivity of 
 xvii 
realistic finite-sized GaAs/AlAs superlattices for efficient heat control in III-V superlattice-
based optoelectronic devices. 
Next, we provide a thorough analysis of cross-plane thermal conduction in 
GaAs/AlAs and their alloy-based superlattices while rigorously accounting for phonon 
interlayer coupling and interfacial structural characteristics. We present a comprehensive 
study of superlattice thermal transport, including structure-property relations, spectral and 
modal descriptions, and contrast it with in-plane heat conduction thereby explaining the 
resultant anisotropy in III-V semiconductor superlattices. 
Through a rigorous understanding of interfacial phonon scattering, we uncover the 
phonon injection mechanism which provides pathways in modulating thermal conduction 
of specific layers within layered nanostructures. We examine thin film-on-substrate, a 
ubiquitously found architecture in nanostructured optoelectronic devices. We study 
thermal transport in thin films mounted over substrates and observe an unconventional 
behavior of thermal conductivity variation with film thickness. Specifically, we find an 
increased thermal conductivity with decreasing thickness which is attributed to phonon 
injection from substrate media. We provide an extensive investigation of the influence of 
interlayer thermal phonon coupling between the thin film and substrate on the thermal 
conductivity of the film and contrast it with bulk and isolated free-standing thin-film 
values. We consider Ge thin films grown over Si substrate and Al0.1Ga0.9As thin films 
grown over GaAs substrate. We present a detailed spectral and structural analysis of 
thermal conductivity and its enhancement to enable rational thermal material design for 
optoelectronic applications.  
 xviii 
We fundamentally investigate interfacial coupling through analyzing the 
transmission coefficient and its variation on the phonon frequency and interfacial 
roughness. We study thermal conductivity enhancement through a 2D visualization of the 
spatial distribution of heat through mapping phonon MFPs and their corresponding thermal 
conductivity contributions. We juxtapose the visual analysis for Ge bulk, isolated thin-film 
and thin-film on (Si) substrate and investigate the impact of roughness and temperature on 
this localized distribution of phonon MFPs. 
We also include an elementary discussion on thermal phonon wave effects and 
classify the kinds of wave effects that can occur in a superlattice, namely, quantum 
confinement and thermal band gaps. We elaborate upon the mechanisms which cause them 
and provide strategies to enhance the possibility of their occurrence in layered 
nanostructures and highlight that a rigorous description of the physical and structural 
conditions including periodicity, interfacial roughness, volume fraction and temperature 
needs to be specified when quantifying the extent of coherent phonon conduction.  
The results and insights in this thesis advance the fundamental understanding of 
heat transport in layered nanostructures and the prospects of rationally designing thermal 
systems with tailored phonon transport properties. Our conclusions in this work provide 
key physical insights into rational material design for thermal modulation and inputs for 
thermal management which is a crucial component in enhancing the performance of 
electronic, optoelectronic and thermoelectric devices. We conclude with highlighting 
future avenues and challenges that open up pathways for further in-depth research into 
nanoscale thermal transport.  
 1 
CHAPTER 1. INTRODUCTION 
Nanostructuring semiconductors has revolutionized technology by enabling the 
development and implementation of nanoscale devices for multifarious applications such 
as energy materials, microelectronics [1,2], optoelectronics [3,4], thermoelectrics [5-7] etc. 
A crucial aspect of designing efficient nanoscale devices is the ability to control nanoscale 
thermal transport. Fundamentally, the comprehension and modulation of physical 
mechanisms determining thermal transport in nanostructures is vital to rational design of 
devices. Thermal transport in semiconductors is primarily modelled by considering wave-
packets of heat known as phonons. A phonon is a quasiparticle composed of collective 
vibrations of atoms in a medium which also characterizes chief phonon transport properties 
namely – group velocity, thermal capacity and mean free path (MFP). Nanostructuring 
semiconductors can impact all three of these – herein, group velocity and thermal capacity 
modulation occur through coherent phonon interactions whereas MFP modulation can 
occur through incoherent mechanisms as well. The focus of this work is to understand the 
interplay of various phonon scattering mechanisms to control the MFP of these heat carriers 
in nanostructured semiconductors.  
1.1 Relevance of Nanoscale Thermal Transport 
Conventional nanostructuring approaches have led to reduction of thermal 
conductivity from bulk values and present a dependence of the nanoscale conductivity on 
the characteristic length of the nanostructure such as thin-film conductivity decreases with 
reducing thickness [8-12]. The reduction in thermal conductivity finds key applications in 
thermoelectrics which are devices that generate electricity when subject to a thermal 
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gradient. The independent control of heat and charge carriers (i.e. phonons and electrons) 
enables efficient thermoelectric energy conversion since a reduction in thermal 
conductivity, while maintaining electrical conductivity, results in the enhancement of the 
thermoelectric figure of merit 2 /ZT S T κσ= , where S is the Seebeck coefficient, T is the 
temperature, σ is the electrical conductivity, and κ is the thermal conductivity [7]. Whereas 
thermal conductivity reduction has its applications, ineffective heat dissipation is currently 
a limitation on efficiency of nano and micro optoelectronic devices. Nano engineering of 
semiconductors also plays a central role in optimizing the performance of a broad variety 
of optoelectronic devices which find numerous applications such as photodetectors [3,4], 
quantum cascade lasers (QCLs) [4,13,14], modulators [15-17] etc. III-V semiconductor 
superlattices are extensively used in optoelectronic devices, specifically GaAs/AlAs and 
GaAs/AlxGa1-xAs superlattices find applications as photodetectors [18-20], photodiodes 
[21,22] and QCLs [4,14,23]. A key to peak performance of these modern optoelectronic 
devices is thermal management. Vertical Cavity Surface Emitting Lasers (VCSELs) suffer 
from reduction of effective gain at high temperature due to increased rate of Auger 
recombination of carriers which limits their output power [24,25]. Long laser lifetimes 
necessitate an upper bound on the temperature of active layers thus making efficient heat 
removal a crucial aspect of designing laser systems [26]. The efficiency and lifetime of a 
Light Emitting Diode (LED) depends on the junction temperature and the need for greater 
power dissipation inflicts a thermal limitation on their performance [27]. In photodetectors, 
thermally induced device failure occurs at high optical powers or photocurrents due to heat 
accumulation in the depletion layer [28]. Additionally, the maximum photocurrent and long 
term operation of photodetectors is also thermally limited due to dark current runaway 
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mechanisms [29,30]. Thus, investigation of thermal transport in semiconductor 
nanostructures would pave the way for efficient optoelectronic, thermoelectric and 
microelectronic device operations. 
1.2 Interfacial Scattering of Phonons 
Nanostructuring significantly transforms the thermal properties of semiconductors 
through interaction of phonons with interfaces and boundaries [31]. Thus, apprehension of 
phonon interfacial scattering at the nanoscale leads towards the ultimate goal in nanoscale 
heat conduction which is to be able to fundamentally understand and control the underlying 
physical mechanisms that govern phonon transport in order to rationally design thermal 
conduction. 
1.2.1 Classical Theory 
Nanoscale phonon transport is essentially governed by incoherent and coherent 
scattering of phonons [32-37]. Both these transport regimes are radically affected by the 
presence of boundaries and interfaces which control the extent to which phonons are 
scattered specularly and diffusively [31,32,38,39]. Numerous studies have established that 
thermal transport in nanostructures is significantly impacted by phonon interfacial 
interaction mechanisms. The two classical models describing phonon interaction with 
interfaces are the acoustic mismatch model (AMM) and the diffuse mismatch model 
(DMM). According to the AMM [40], phonon dynamics at the interface are determined 
under the assumption that phonons behave like plane waves. The transmission and 
reflection coefficients are determined by an acoustic analog of Fresnel’s equations [41], 
specifically, by acoustic mismatch factors such as difference in volumetric density and 
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sound propagation velocities. The interfaces are assumed to be perfectly smooth and there 
is no room for diffusive scattering. On the other hand, the DMM [41,42] presents the 
extreme opposite and assumes that there is completely diffusive scattering at the interface 
i.e. the phonon scattering at the interface is independent of its incident mode or polarization 
albeit it is elastic. The probability of transmission at the interface is proportional to the 
density of states of the medium the phonon is emitted into. These models suffer from severe 
drawbacks such as neglecting interfacial roughness-induced scattering and there is 
experimental evidence to prove the inaccuracy of these models [1,43]. 
1.2.2 Contemporary Theories 
Contemporary theoretical methods employed in nanoscale thermal transport and 
phonon interfacial interaction analysis can be divided into atomistic (e.g. molecular 
dynamics MD, density-functional-theory DFT) and continuum (e.g. Boltzmann transport) 
approaches each having its own advantages and drawbacks. MD techniques provide useful 
insights on the dependence of thermal conductivity on different physical variables and first-
principle approaches allow to study the thermal conductivity based on DFT techniques. 
The detailed nanostructure surface features (which can be experimentally measured [44]) 
and their impact on thermal conductivity, however, are difficult to be incorporated. On the 
other hand, BTE approaches require the bulk phonon mean-free-path as input, which needs 
to be obtained using other methods (DFT) or fitting parameters. Once the bulk phonon 
mean-free-path is known, the thermal conductivity of multiple nanostructures (including 
surface characteristics) can be readily obtained without using fitting parameters. Another 
contrast between atomistic and continuous approaches is the length scale range; atomistic 
simulations are computationally intensive at large scales preventing the prediction of nano-
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to-bulk thermal properties, while the BTE allows bulk-to-nanoscale predictions but 
requires incorporation of wave effects (e.g. coherent interference and confinement) at very 
small length scales. 
Recent works have employed atomistic formulations to analyze interfacial phonon 
transmission. Z. Tian et al [45] studied phonon transmission across an Si/Ge interface using 
atomistic Green’s function (AGF) approach and concluded that atomic mixing increases 
transmission and interfacial conductance. B. Latour et al. [46] used AGF with first-
principle force constants to model transmission across a perfectly smooth Si/Ge interface 
and found that mass-mismatch was the key parameter in controlling transmission and 
reflection. W. Zhang et al [47] extended the AGF formulation to account for interfacial 
phonon transport in Si/Ge heterostructures while accounting for effects such as strain. L. 
Jia et al [48] employed AGF to study variation in transmission with roughness and found 
that there existed a roughness for which the enhancement of transmission and conductance 
(beyond that for a sharp interface) showed a maximum. They attributed this to a trade-off 
between increasing diffusive scattering and broadening of frequency transport window 
with increasing interfacial roughness. S. Merabia et al [49] used molecular dynamics (MD) 
to analyze thermal boundary conductance across rough interfaces and found that interfacial 
boundary shape played a key role in determining conductance. They found that sinusoidal 
and wavy interfaces resulted in maximum Kapitza conductance. T. English et al [50] used 
non-equilibrium MD and studied the dependence of interfacial conductance on multiple 
parameters and found that density of states overlap between materials across the interface 
generally increases conductance but presence of compositional disorder can cause it to 
reduce. L. Sun et al [51] employed the MD wave-packet method to investigate phonon 
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transport at Si/Ge interfaces and found that transmission reduces with increasing 
roughness. A. Alkurdi et al [52] used lattice dynamics with ab initio force constants and 
presented a modal analysis to examine the dependence of the critical angle of transmission 
at an Si/Ge interface on parameters such as temperature, interfacial bonding and 
interaction. Despite extensive studies using atomistic approaches, they were limited in 
accounting for anharmonicity, accurately modelling interfacial features and are often times 
computationally expensive when providing mode-resolved transmission information and 
scaling to large characteristic lengths. Thereby, while atomistic approaches can provide 
qualitative trends in interfacial phonon scattering, their extension to accurate thermal 
conductivity predictions in devices involving interfaces is challenging. 
1.3 Thermal Transport in Nanostructures - Superlattices 
The previous extensive study of interfacial scattering indicates the importance of 
understanding phonon interfacial interactions which have a clear influence on thermal 
transport in nanostructured materials involving phonon exchange between materials. A 
ubiquitously employed nanostructure involving interfacial interactions across layered 
materials is superlattice. Superlattices are single-crystal nanostructures consisting of 
periodically arranged layered materials that can provide physical properties that are 
radically different from those corresponding to the constituent materials. Their ease of 
manufacture and tunability has made superlattices a standard platform for semiconductor 
devices with widespread applications in optoelectronics [3,4], thermoelectrics [5-7,53], 
energy conversion [5], electronics [54], photonics [55], and phononics [56]. For instance, 
Si-Ge based superlattices find application in thermoelectrics [57-59] while III-V 
semiconductor superlattices find applications in optoelectronics including photodiodes 
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[21,22] and quantum cascade lasers (QCLs) [14,23]. Thermal management in such devices 
is vital to their optimum performance thereby making a thorough comprehension of 
superlattices’ thermal transport properties essential. 
1.3.1 Theoretical Methodologies 
In recent years, the transport of thermal phonons in superlattices has been 
investigated by studying the effects of coherent [33,34,36,60] and incoherent [32,61,62] 
surface scattering of phonons. The coherent scattering of phonons involves the preservation 
of phonon phase upon interaction with interfaces, and an appropriate periodicity in the 
nanostructure may generate phonon wave interference effects under certain conditions 
[33,63]. Conversely, incoherent scattering involves randomization of phonon phases and 
conventionally manifests as a reduction in the thermal conductivity. We next survey a 
variety of atomistic and continuum methods which have been used to investigate 
superlattices, in both coherent and incoherent regimes of thermal transport. 
1.3.1.1 Molecular Dynamics Formalism 
Using molecular dynamics, Daly et al.[64] studied thermal transport in a simplified 
model for GaAs/AlAs superlattices. They found that for superlattices having smooth 
interfaces, the cross-plane thermal conductivity shows a minimum as a function of the 
superlattice period. The existence of such minimum was previously predicted using wave 
theory and indicates the presence of phonon wave effects[65]. In contrast, for superlattices 
with interfacial species mixing, the thermal conductivity increased with period length as 
observed in experiments[62,66]. Trends in cross-plane thermal conductivity in 
superlattices were also investigated by Chen et. al.[67]. They found that a minimum in 
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thermal conductivity occurred if the MFP is close to or larger than the period and the lattice 
constants are similar. From MD simulations [62,64-71], it is clear that a minimum in 
thermal conductivity exists if the superlattice interfaces are perfect and they vanish for 
interfaces with species mixing. The precise determination of phonon wave effects and their 
relation to surface features (i.e. roughness and correlation lengths) is however difficult to 
obtain with current MD models. 
1.3.1.2 First Principles Formalism 
Using first-principles, Garg et al.[72] analyzed the thermal conductivity of Si/Ge 
superlattices with relatively smooth surfaces and found that, for increasing period, the in-
plane conductivity increases monotonically while a minimum was observed for the cross-
plane configuration. More recently, the cross-plane thermal conductivity in Si/Ge 
superlattices via ab initio calculations was investigated and compared with experiments by 
Chen et. al.[73], and found that surface segregation and intermixing of atoms may further 
reduce thermal conduction. In addition, Garg et. al.[74] predicted using DFT that short-
period superlattices with perfect interfaces could have high conductivity due to reduced 
availability of scattering channels. Tian et al.[75] also calculated the cross-plane 
superlattice thermal conductivity using atomistic Green’s functions and found an optimum 
period length which minimizes the thermal conductivity. Detailed surface features and their 
effects are difficult to include in first-principle approaches while Green’s function methods 
approximate thermal conduction by considering ballistic transport. 
1.3.1.3 Boltzmann Transport Formalism 
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 In addition to atomistic models, the Boltzmann transport equation (BTE) was 
employed by Chen [32,61,76] to study in-plane and cross-plane thermal conductivity in 
GaAs/AlAs and Si/Ge superlattices, respectively. It was found that accounting for 
frequency dependent internal scattering and partially diffuse and partially specular 
interfaces was fundamental to obtain agreement between theory and experiments. Liu et. 
al.[77] evaluated the cross-plane thermal conductivity of Si/SiGe superlattices theoretically 
using BTE and experimentally by the 3ω technique. The thermal conductivity was found 
to decrease with decreasing ratio of layer thickness, specularity and period length. These 
BTE models consider frequency independent phonon-surface interactions and the interface 
specularity is thus incorporated as an empirically adjusted parameter. More recently, 
Aksamija et al.[78] proposed a simplified BTE model to calculate the thermal conductivity 
of SixGe1-x/SiyGe1-y superlattices using a surface specularity parameter dependent on 
wavevector and interface roughness. The model was employed to obtain the anisotropy, 
temperature, and period variation of the thermal conductivity. Building up on this model, 
Mei et al.[79] recently calculated the in-plane and cross-plane thermal conductivities of 
III-V superlattices. Being an improvement with respect to constant specularity models, the 
proposed BTE approach does not consider phonon reflections and transmissions at the 
interfaces, which is the fundamental principle that gives rise to phonon coherent 
interference and significantly influences the superlattice thermal conductivity. 
1.3.2 Experimental Investigations 
Experimental measurements of superlattice thermal conductivity have shown a 
variety of trends. Lee et. al.[62] showed that the cross-plane thermal conductivity of Si-Ge 
superlattices increased with increasing period length and suddenly decreased due to 
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formation of dislocations. On the other hand, Capinski et. al.[80] measured the cross-plane 
thermal conductivity of GaAs/AlAs superlattices and found that it increases with increasing 
period length. Furthermore, Huxtable et. al.[81] observed that the thermal conductivity of 
Si/SiGe alloy superlattices increased with increasing period while that of SixGe1−x/SiyGe1−y 
superlattices was weakly dependent on period. More recently, experiments on epitaxial 
oxide superlattices by Ravichandran et. al.[33] exhibited a minimum in the thermal 
conductivity as a function of period length, thereby demarcating a transition from coherent 
to incoherent phonon surface scattering. In terms of the temperature dependence, 
experiments show that the thermal conductivity of Si/Ge superlattices increase up to a 
temperature of ~200 K, after which it remains fairly constant[62,81-84]. More recently, 
Luckyanova et. al. [36] studied the impact of varying total thickness of GaAs-AlAs 
superlattice structures and found that for relatively low temperatures (T<150K), the thermal 
conductivity increased linearly with the number of periods. This result constituted their 
basis to deduce coherent phonon transport in superlattices. In a recent study, Cheaito et. al. 
[85] confirmed the experimental measurements in [36] and further explored the impact of 
varying period thickness and total superlattice thickness. They concluded that inspecting 
both physical variables is crucial to comprehending the relative contribution of coherent 
and incoherent phonons towards heat conduction in superlattices. 
1.4 Thermal Transport in Nanostructures – Nanomembranes 
The study of interfacial and boundary interactions of thermal phonons also plays a 
key role in determining thermal transport in layered nanostructures such as 
nanomembranes and thin film-on-substrate architectures which are ubiquitous 
configurations in optoelectronic devices [83,86-89]. Optoelectronic devices such as 
 11 
photodetectors, LEDs, lasers etc. are often fabricated using the thin film-on-substrate 
architecture using a wide range of III-V semiconductor compounds [89-92]. Regulating 
thermal conduction in these devices is critical to optimum performance and can enhance 
their efficiency. For instance, heat dissipation in laser system design is vital to longer 
lifetimes of active layers to maintain an upper bound on temperature [26]. The junction 
temperature of an LED determines its lifetime and efficiency, thereby making thermal 
dissipation a crucial factor in limiting their performance [27]. 
1.4.1 Theoretical Methods 
There has been extensive amount work on achieving reduced thermal conduction in 
nanomembrane systems, but approaches that can enhance thermal conduction have been 
limited. In particular, being able to devise physical mechanisms that would allow to 
increase thermal conduction is of crucial importance in the efficiency of electronic and 
optoelectronic devices. In recent years, physical mechanisms behind thermal transport in 
nanomembranes have been analyzed via atomistic and continuum based approaches [8-
12,93-100]. Using molecular dynamics, first principles and lattice dynamics, the in-plane 
and cross-plane Si thin film thermal conductivity has been predicted from ballistic to 
diffusive limits for a wide range of sizes and temperatures [97,99,101]. D.P. Sellan et al 
utilized the lattice Boltzmann formalism to study cross-plane thermal transport in Si thin 
films and found that frequency dependent thermal conductivity contribution varied with 
thickness [11]. C.J. Gomes et al examined in-plane and cross-plane thermal conductivity 
in Si thin films using equilibrium MD and concluded that thermal conductivity reduced 
with reducing thickness [101]. Continuum approaches based on the Boltzmann Transport 
Equation (BTE) have also been used to predict heat conduction in silicon nanomembranes 
 12 
while considering averaged momentum-dependent specularities [100], frequency-
dependent specularities [12], and Beckmann-Kirchhoff formalism [102,103]. 
Investigations of thermal conduction in nanomembranes also include thin films on 
substrates such as silicon on insulator (SOI) architectures [9,100,104]. Importantly, 
although enhancing thermal conduction is essential to create highly efficient electronics 
and optoelectronics, to date, all studies on nanomembranes have shown that thermal 
conduction decreases as the spacing is decreased and the development of approaches that 
enable to increase heat conduction in these nanosystems has been difficult. 
1.5 Objectives of This Work 
Through this literature survey we discern that thermal transport manipulation is 
critical to enhancing efficiency of nanoscale devices in a wide variety of applications 
including optoelectronics, microelectronics and thermoelectrics. A diverse set of devices 
necessitate a broad range of control of thermal properties, which not only includes a handle 
on the thermal conductivity but also incorporates modulating heat conduction at a spectral 
level by regulating the amount of heat carried by varying phonon frequencies, wavelengths 
and MFPs. A rigorous description also moves beyond thermal conductivity prediction, and 
delineates the thermal energy distribution within nanostructures by elucidating the various 
phonon trajectories and interactions and the factors that impact phonon movement. A key 
requirement to achieving such a detailed analysis of thermal transport in layered 
nanostructures is a rigorous theoretical description of phonon interfacial scattering 
incorporating experimentally determinable interfacial characteristics. Incorporating the 
interfacial scattering mechanism through appropriate boundary conditions, along with 
other phonon scattering mechanisms and using a modal analysis would provide a complete 
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picture of thermal transport in nanostructures. This would not only provide us crucial inputs 
for thermal management during nanoscale device design but also open avenues for 
exploring unique thermal transport phenomenon such as phonon wave effects – thermal 
band gaps and phononic quantum wells. 
1.6 Dissertation Structure 
In Chapter 2 of this thesis, we expound a comprehensive model elucidating phonon 
interfacial interaction which accounts for interfacial features such as roughness and 
correlation length, phonon properties such as frequency, group velocity and incident angle 
and material properties of media adjacent to the interface. We adopt a Boltzmann Transport 
Equation (BTE) formalism which yields a quantitative model that predicts thermal 
transport in nanostructures across manifold length scales ranging from nanometers to 
millimeters. We integrate the BTE formalism along with the interfacial scattering model 
through boundary conditions rooted in the principle of detailed balance of phonons and the 
conservation of thermal flux to explicate an accurate thermal transport picture.  
In Chapter 3, we study the impact of various structural characteristics such as 
characteristic length, interfacial roughness and volume fraction on not only the thermal 
conductivity predictions but also illustrate the thermal energy distribution based on various 
interfacial interactions of phonons. We present a meticulous analysis of thermal phonon 
spectra by highlighting the amount of heat carried by different phonon frequencies and 
mean free paths. These can provide vital inputs in rational thermal material design by 
implementing mechanisms which can modulate thermal conduction of a specific band of 
phonons. We also furnish a microscopic analysis of thermal transport by analyzing the 
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amount of heat carried by thermal phonons subject to various trajectories and examine the 
amount of thermal conduction continually carried after multiple phonon interactions with 
interfaces. We implement a finite sized analysis by determining the thermal conductivity 
of superlattices with a finite number of periods which administers thermal predictions for 
realistic applications and devices. We carry out the above outlined rigorous thermal 
analysis of semiconductor superlattices composed of Si/Ge, GaAs/AlAs and their alloys in 
the in-plane and cross-plane configurations. We contrast these configurations and study the 
anisotropy as a function of period length and interfacial roughness. We also specify a modal 
analysis of thermal transport wherein we provide the conductivity contribution of different 
phonon modes. Next, we explicate in detail the interlayer phononic coupling emerging 
from the phonon interfacial scattering and how that can modulate thermal conduction in 
thin-films. We apply the principles of the phonon injection mechanism and interlayer 
coupling to an important nanostructure configuration – thin-film on substrate architecture. 
We quantitatively predict how film thickness, temperature, and roughness influence 
substrate-coupling which impacts the thermal properties of a thin-film. Additionally, we 
spectrally examining thermal conductivity and the coupling-induced conductivity 
enhancement in FOS systems. Lastly, we expatiate on interfacial coupling by analyzing the 
frequency and roughness dependence of the transmission coefficient and visually depict 
the impact of interlayer coupling on spatial distribution of thermal energy by providing a 
localized spatial distribution of thermal phonon MFPs. 
In Chapter 4, we deliberate over phonon wave effects in periodic nanostructures 
and classify them into two categories for superlattices depending on the phonon 
trajectories. We highlight the importance of studying the thermal energy distribution 
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caused by various trajectories and its relevance in understanding the impact of wave effects 
on thermal conduction. In this forthcoming research field, we outline some strategies that 
can enhance the possibility of their occurrence. We also specify the parameters needed to 
provide a rigorous description of wave effects and comprehend the extent of coherent vs 
incoherent phonon transport.  
In Chapter 5, we conclude the dissertation with a summary of our observations of 
thermal transport in layered nanostructures, specifically superlattices and thin-films on 
substrate while highlighting the key results and findings. We also provide an outlook about 
the future avenues of research and open challenges in the field of nanoscale thermal 
transport.  
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CHAPTER 2.  
CONTINUUM MODEL FOR MODE-WISE HEAT TRANSFER 
We investigate nanoscale thermal transport in layered nanostructures by employing 
the Boltzmann Transport formalism along with an accurate model for phonon interfacial 
scattering. We commence with outlining a methodology to compute the thermal 
conductivity in nanostructures through a combination of the Boltzmann Transport Equation 
and the Fourier’s Law. Thereafter, we provide a rigorous statistical analysis to study 
scattering of phonons from a rough interface and thereby, determine the transmission and 
reflection coefficients for thermal phonons. We next highlight the boundary conditions 
associated with different layered nanostructures and thermal transport configurations, 
specifically, in-plane heat conduction in superlattices and film-on-substrate architectures 
and cross-plane transport in superlattices. Broadly speaking, these boundary conditions 
consist of detailed balance of phonons at interfaces and utilizing symmetries within the 
nanostructure. Integrating the phonon scattering model, Boltzmann formalism and the 
appropriate boundary conditions, we are able to predict the thermal conductivity of 
nanostructures as a function of a variety of structural and physical parameters such as 
characteristic length, volume fraction, roughness, temperature etc. Our mode-wise 
implementation of computing thermal transport allows us to move beyond conductivity 
predictions and also determine thermal spectra within nanostructures.  
2.1 Thermal Conductivity 
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The thermal conductivity of nanostructures is calculated by using the well-established 
Fourier’s law of heat conduction, which is given by 





is the heat flux, κ  is thermal conductivity and T∇

 is the temperature gradient. 
Kinetic theory establishes that the heat flux[31] j

 is given by the product of the energy 
ω  carried by phonons, their distribution functions f and their velocities v . Integration 
over all possible phonons with wavevectors k





3 , , ,
1 
2 k p k p k pp
j f v d kω
π
= ∫∑   


  (2) 
where the subscript p denotes the different polarizations of phonons (i.e. longitudinal and 
transverse). The thermal conductivity κ  of the nanostructure is calculated by combining 





κ− ∇ = ∫
 
 (3) 
The calculation of the thermal conductivity using Eqs. (2) and (3) requires the distribution 
of phonons ,k pf   for the superlattice, which is determined by the Boltzmann Transport 
Equation (BTE). 
2.2 Boltzmann Transport Equation 
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The generalized form of the Boltzmann Transport Equation, which allows to obtain the 
phonon distribution functions ,k pf  , is given by[31] 
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Since we are interested in solving the BTE for phonons in the steady-state case, i.e. 
constant heat flux, the first term vanishes. Using the single-mode relaxation time 




, where 0f  is the equilibrium phonon distribution function given by the Bose-Einstein 
distribution function and , ),(k p Tτ τ=
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 is the phonon relaxation time, which is a function 
of the wavevector k
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, polarization p, and temperature T. Given that the above equation is 
applicable for each polarization p and each k
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-mode, subscripts will be omitted. Expanding
0   f f g= + , where g  is the deviation function from the equilibrium, Eq. (4) reduces to 
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In general f is a function of the position vector r . We define our coordinate system 
such that the nanostructure is uniform in the y direction. The thermal gradient is applied in 
the x-direction so the equilibrium distribution 0f  is dependent only on the x-coordinate 
and the distribution f is independent of the y coordinate due to continuous translation 










Assuming that the deviation from equilibrium is small, i.e. 0g f<< , we obtain the general 
solution to first order of the differential equation (6), where g  can be written as a function 
of the xi coordinate (specified by the configuration of thermal transport) and an arbitrary 
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The function kϕ   determining the phonon distribution function is rigorously obtained by 
applying boundary conditions of the specific nanostructure, which are implemented after a 
careful analysis of phonon surface scattering at the interfaces. Once kϕ   (and therefore kg  ) 
is calculated, Eqs. (1) – (3) allow to obtain the resultant thermal conductivity of the 
superlattice. 
2.3 Phonon Scattering at Rough Surfaces 
For layered nanostructures, the boundary conditions are given by an energy balance 
upon scattering of phonons at the rough interfaces. We use a rigorous statistical analysis to 
study the scattering of thermal phonons from rough surfaces. The scattering of 
electromagnetic waves from rough surfaces has been studied in detail by Beckmann and 
Spizzichino[103]. This analysis however is limited to free surfaces (e.g. solid-air 
interfaces) preventing the study of phonon scattering at surfaces between two different 
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solid materials. We employ a generalized analysis of surface scattering[105], where the 
Beckmann-Kirchhoff theory has been extended to include forward scattering i.e. the 
reflection and transmission of phonons at a rough interface between two homogeneous and 
isotropic solids. We outline below the main points to obtain a generalized solution for 
scattering between two interfaces and subsequently extend it to the case of superlattices. 
 Consider the height z of an interface between two media 1 and 2 (with respect to a 
middle plane) given by the function ( )  ,z x yζ= , where the average value of z, i.e. 
( ),x yζ< >  with respect to the plane is zero. The region for media 1 is given by 
( ) ,z x yζ>  and that for media 2 is given by ( ) ,z x yζ< . Assuming that ζ  is a random 
variable representing the heights of the surface, the roughness of the surface η  is defined 
as the standard deviation of ζ . Without losing generality, we assume that the incident 
wavevector k

 lies in the x-z plane. To describe the interaction of phonons with an interface, 
consider ( )u = exp .i k r tω − 

  be the displacement phonon field which is the solution of 
the Helmholtz equation 2 0u k u∆ + = [103]. When the radius of curvature of the interface 
is much larger than the wavelength, the Kirchhoff boundary conditions apply[103] 
 ( ) ( )( ). .| 1 |, 1 .  s sik r ik rz zuu e i k n enζ ζ+ +→ →
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where n  denotes the unit vector normal to the surface ( )  ,z x yζ=  at point 




  is the local refracted wave vector. Also, ℜ  and ℑ  denote 
the standard reflection and transmission coefficients from a perfectly smooth surface, 
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where 'k

 is the reflected wave vector, ''k

 is the overall reflected wave vector, k1 is the 
magnitude of the incident and reflected wavevector, and k2 is the magnitude of the refracted 
wave vector. Carrying out a rigorous statistical analysis[105], one can obtain the reflection 
Pij and transmission Qij coefficients from a rough interface, where i and j denote the two 
solid media across the surface, which are given by 
 ( )2 2 2 2exp 4 cosij ij i iP kη θ=ℜ −  (12) 
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In these equations, iρ , iθ , and iv  denote density, incident angle, and group velocity 
( )i iv kω= ∇k

, where ( )i kω

 is the phonon dispersion relation in medium i, respectively. 
The reflection and transmission coefficients are subsequently extended to account for 
shadowing effects [102]. Since 2 2ij jiℜ =ℜ , we have ij jiQ Q= , which is the principle of 
detailed balance for phonons. Independent of the nature of the boundary conditions, the 
law of reflection and refraction states that the tangential component of the wavevector is 
conserved. That is 
 sin sini i j jk kθ θ=  (15) 
For incident angles larger than the critical angle, 2 1ijℜ =  and phonons are subject to total 
internal reflection and therefore restricted to propagate within a layer. Importantly, the 
surface scattering model described above thus allows to obtain the phonon thermal energy 
reflected and transmitted at rough interfaces. 
2.4 Boundary Conditions and Energy Balance at Interfaces 
In this section, we investigate thermal transport in a variety of layered nanostructures and 
illustrate the corresponding boundary conditions for energy balance along with their 
schematic. 
2.4.1 Superlattices – In-plane Conduction 
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Figure 1. (a) Schematic for extended and layer-restricted phonons (yellow and purple 
arrows respectively). Phonons layer-restricted by MFP reduction are shown by an 
orange arrow. The thermal gradient in the x-direction is denoted by the overhead 
arrow where red and blue denote hot and cold temperatures respectively. (b) 
Schematic of interfacial scattering from rough interfaces in a superlattice (i.e. phonon 
coupling) where the unit cell is demarcated by dashed lines. 
2.4.1.1 Thermal Energy Distribution 
A fundamental understanding of superlattice thermal transport requires not only to 
establish the thermal conductivity but also to elucidate how phonons move within the 
system. Developing such deep understanding necessitates the establishment of the amount 
of phonons that are specularly and diffusely scattered at the interfaces, the amount of heat 
that is channeled within a single superlattice layer, and the amount of heat that is 
transported across multiple layers. We move beyond thermal conductivity calculations and 
establish how thermal phonons are transported within the superlattices. Phonons 
originating at point within a superlattice can follow different paths depending on their 
frequency and incident angle. Some phonons can reach an interface and undergo specular 
transmission into the adjacent layer and continue to propagate in the different layers of the 
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superlattice. We call these “extended phonons”. Phonons can also reach an interface and 
undergo total reflection due to two different physical principles: total internal reflection or 
band structure mismatch (i.e. no accessible frequency on the adjacent layer). Since these 
phonons move within a single layer, they are called “layer–restricted phonons” (Figure 
1(a)). Note that if the reduced phonon MFP is less than the distance needed to reach an 
interface in the direction of its wavevector, the phonons will also be layer restricted. Thus, 
a precise physical description of phonon transport in superlattices predicts the spatial 
distribution of thermal energy flow and allows a segregation of the amount of heat carried 
by extended and layer-restricted phonons. 
2.4.1.2 Boundary Conditions – Symmetries and Detailed Balance  
Thermal transport in layer-restricted phonons is modelled as phonon mode 
transport in a thin-film. On the other hand, we comprehend thermal transfer by applying 
the principle of detailed balance of energy at the interface along with utilizing appropriate 
symmetries within the superlattice structure. Due to translational symmetry along the z-
direction, the BTE needs to be solved only within a single unit cell of the superlattice, 
which when repeated in the z-direction reproduces the entire superlattice. In our 
calculations, the unit cell begins halfway through a layer of material B and extends halfway 
into the next layer of material B as illustrated in Figure 1(b). 
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where the subscript i denotes a particular layer in the superlattice and the superscript ‘+’ or 
‘−’ denotes the direction of zk , where ‘+’ denoted a positive zk  and vice versa. We define 
, , x i x i il v τ=    and , , z i z i il v τ= . To exploit the translational symmetry of the superlattice, we 
consider (for each layer) translated versions of the general solution of g 
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Note that since the phonon frequency remains constant during reflection and 








applying the boundary conditions. By considering the mirror symmetries, the following 
boundary conditions apply for the superlattice [106] 
 
1 1      0g g at z
+ −= =  (18) 
      3 3      g g at z a b
+ −= = +  (19) 
In addition, at the interfaces between different materials, energy balance for phonon 
reflection and transmission establishes that 
    ( ) ( ) ( )1 12 1 12 2          / 2z z zg k P g k Q g k at z b− + − ′− = + − =  (20) 
      ( ) ( ) ( )2 21 2 12 1            / 2z z zg k P g k Q g k at z b+ − += + =′−′  (21) 
           ( ) ( ) ( )2 23 2 23 3          / 2z z zg k P g k Q g k at z a b− + −+ − =′− +′ =  (22) 
              ( ) ( ) ( )3 32 3 23 2           / 2z z zg k P g k Q g k at z a b+ − += − + = +′  (23) 
  Note that the primed notation is to emphasize that while in medium 1 the 
wavevector is k

, the wavevector in medium 2 is 'k

. The solution of the system of Eqs. 
(20) - (23) fully determines the functions ( )i kϕ±

 which establish the distribution of 
phonons ig
±  deviated from equilibrium for each layer [Eqs. (17)]. Calculation of the 
distribution functions ig
±  allows us to determine the thermal conductivity using Eqs. (2) 
and (3). Note that all variables in our theoretical framework depend on the wavevector k

, 
allowing to perform a full frequency-dependent analysis of all phonon transport properties, 
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including a rigorous treatment of phonon scattering at the interfaces and phonon coupling 
between superlattice layers. 
2.4.2 Superlattices – Cross-plane Configuration 
 
Figure 2. Schematic for cross-plane heat conduction in superlattices showing phonon 
reflection and transmission (left) and the detailed balance when phonons are 
scattered at the interfaces (right). 
We examine thermal transport in superlattices in the cross-plane configuration i.e. 
the thermal gradient being perpendicular to the interfaces in the superlattice. Under steady-
state and the application of a temperature gradient ∂T/∂x along the x-direction (i.e. cross-
plane direction) and to linear-order approximation, the Boltzmann transport equation [31] 
for the deviation g of the phonon population distribution function f from the equilibrium 
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The thermal current can be separated in terms of phonons that move forward 
(described by g+) and those moving backwards (described by g−). The solution to the BTE 
for g+ and g− is obtained by applying periodic boundary conditions and establishing 
detailed balance conditions at the interfaces which rigorously incorporate the interlayer 
phonon coupling by accounting for interfacial characteristics, acoustic contrast of 
materials, as well as conservation of flux. Taking Pij and Qij as reflection and transmission 
coefficients [Eqs. (12) – (13)] between media i and j, the detailed balance condition are 
given by 
 
1 12 1 21 2       / 2g P g Q g at x b
− + −= + =  (25) 
 
2 21 2 12 1       / 2g P g Q g at x b
+ − += + =  (26) 
      2 21 2 12 1        / 2g P g Q g at x a b
− + −= + = +  (27) 
      1 12 1 21 2        / 2g P g Q g at x a b
+ − += + = +  (28) 
where 1 and 2 denote the different media across the interface. Once the deviation functions 
g+ and g− are obtained as a function of x within a given layer in the superlattice, we obtain 
the local thermal conductivity using Eq. 2. The thermal conductivity of each layer in the 
superlattice is obtained by integrating the thermal conductivity in the x-direction while 
considering flux conservation, which provides a first-order approximation to the position-
dependent temperature gradient. To calculate the overall cross-plane thermal conductivity 
of the superlattice, we account for the interfacial resistance in terms of the thermal 
















where ti and κi (i = 1, 2) are the thicknesses and thermal conductivities of the two layers of 
the superlattice. 
2.4.3 Phonon Injection Mechanism 
 
Figure 3. Phonon Injection. (a) Schematic for phonon contributions to the thermal 
conductivity of a germanium thin film under a temperature gradient along the x 
direction. The thermal flux at point O is carried by phonons whose last collision was, 
on the average, at a distance of mean free path ℓTF away from O, as represented by 
the black circular line. For simplicity we neglect the angular dependence of ℓTF. (b) 
When the germanium film is in contact with the silicon film, phonons from silicon can 
be injected into germanium (blue arrow). These phonons had their last collision at a 
larger distance than those arriving from germanium. As a result, the effective mean 
free path ℓEFF is larger (red circular line) and the thermal conductivity at point O is 
enhanced. 
The transmission of phonons across an interface involving two different adjacent 
materials i.e. interfacial phononic coupling, leads to modulation of thermal properties of 
the materials involved. The thermal conductivity modulation in multilayered nanomaterials 
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depends on the efficiency of the phonon injection mechanism (Figure 3) which is governed 
by the thickness of layers involved as well as phonon interfacial coupling. When the layer 
thicknesses are smaller than phonon mean free paths, phonon interfacial exchange can 
significantly influence thermal properties of the different layers.  
Phonon interactions at an interface involve a fraction of phonons undergoing 
specular transmission and reflection while the rest are diffusively scattered in all angular 
directions. In an unprecedented observation [107], we found that thermal conductivity of 
nanomembranes could be enhanced through utilization of nanostructuring and interfacial 
phonon coupling. This enhancement is an increment beyond the isolated thin-film thermal 
conductivity. This can be understood by realizing that thermal conductivity is a localized 
property in a nanostructure, i.e. conductivity at a point is determined by phonons reaching 
that point from an average distance equal to the mean free path of the phonons. Thus, any 
aberration within the mean free path distance from a point will alter the thermal 
conductivity of that point. When layered nanostructures involving multiple materials are 
fabricated, the interfacial coupling allows phonons from one material to be injected into 
another and contribute to the thermal transport of the other material. In a study involving 
Ge nanomembranes cladded by Si layers [107,108], we found that the phonon injection 
mechanism resulted in the thermal conductivity enhancement of the Ge nanomembranes 
since phonons originating in Si and terminating at a point inside Ge had travelled a larger 
distance (larger phonon group velocities and relaxation times) vis-à-vis phonons that only 
moved in Ge thin-film. Thus, we were able to conclude that nanostructuring need not 
necessarily lead to conductivity reduction, but can also provide avenues for enhancement 
when phonon coupling is involved. 
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The efficacy of the phonon injection mechanism is contingent upon the phonon 
interfacial coupling between the two materials and their thicknesses. Interfacial coupling 
has been studied by a variety of atomistic methods [45,46,48-50] which are unable to 
account for interfacial roughness and anharmonic phononic behavior in the nanostructures. 
Our formalism for interfacial coupling accounts for reflection and transmission while 
accounting for the phonon properties (frequency and incidence angle), acoustic properties 
of the adjacent materials (density, phonon group velocities) as well as interfacial structural 
characteristics (roughness and correlation length). Additionally, for elastic scattering at the 
interfaces, non-overlap of phonon dispersion relations leads to further resistance to the 
phonon injection mechanism. We provide illustrations of this distinction (Section 3.3) 
when considering phonon injection from the substrate into the thin-film for film-on-
substrate architectures where we find that interlayer coupling between Al0.1Ga0.9As and 
GaAs is larger than that in Ge and Si due to closer dispersion relations and acoustic 
properties [109]. 




Figure 4. Schematic of a film-on-substrate (FOS) architecture where the film is shown 
in orange and the substrate in yellow. Arrows represent phonons originating at the 
film and the substrate and contributing to film phonon transport after reflection and 
transmission (interlayer coupling). 
An important application of interfacial coupling and therein rooted, the phonon 
injection mechanism is the modulation of thermal conduction in nanomembranes that are 
grown atop a substrate. In order to investigate thin-film on substrate systems, we consider 
a baseline physical system consisting of a thin film of material A on top of a substrate of 
material B. Our choice of A and B is motivated from optoelectronic applications such as 
photodetectors where configurations based on Si, Ge, GaAs and AlGaAs semiconductors 
are found ubiquitously [90,110-112]. We focus on studying the thermal transport 
modulation in the thin film due to the presence of the substrate and not that of the entire 
nanostructure. 
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In the FOS architecture, we define ηo as the outer interfacial roughness at the 
interface between the thin film and air and ηi as the inner roughness between the thin film 
and the substrate. The detailed balance of energy across the interfaces requires a thorough 
treatment of interfacial scattering which provides the transmission and reflection properties 
[Eqs. (12) – (13)] in the FOS structure (Figure 4), which is given by 
 
2 21 2 12 1      0g P g Q g at z
− + −= + =  (30) 
 
1 12 1 12 2     0g P g Q g at z
+ − += + =  (31) 
 
1 10 1                  g P g at z t
− += =  (32) 
where P10 and P12 are the reflection coefficients for phonons at the film-air and film-
substrate interfaces respectively, and Q12 is the transmission coefficient across the film-
substrate interface. The thermal conductivity κ of the thin-film in the FOS architecture is 
calculated by considering a relatively thick substrate and applying Fourier’s law Eq. (1) 
while averaging heat flux J(z) over the film thickness t. Using the above mode-wise 
implementation of the BTE, we thus account for thermal transport in the FOS while 
rigorously accounting for interface phonon coupling and scattering. 
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CHAPTER 3.  
ANALYSIS OF THERMAL TRANSPORT CHARACTERISTICS 
We examine thermal conduction in layered semiconductor nanostructures by 
providing an accurate model for thermal conduction, specifically, a rigorous 
implementation of interlayer coupling through a detailed analysis of interfacial scattering. 
We utilize the principle of detailed balance of phonons along with specular transmission 
and reflection coefficients found from a statistical analysis to compute the amount of heat 
distributed amongst various layers of a nanostructure. We study how thermal transport is 
impacted by varying structural conditions such as characteristic length, interfacial 
roughness and volume fraction of constituents involved. We also move beyond thermal 
conductivity predictions to furnish an extensive comprehension of the thermal spectral 
analysis by detailing the frequency and mean free path spectra which provide crucial inputs 
in manipulating heat conduction and guiding rational thermal material design. We begin 
with investigating thermal transport in superlattices (Si/Ge and GaAs/AlAs based) in the 
in-plane and through-plane configurations. Thereafter, we investigate how interfacial 
coupling with other materials impacts thermal properties of a thin-film. Lastly, we also 
carry out a deeper analysis of interfacial coupling by studying the transmission coefficient, 
visualizing the impact of coupling on spatial distribution of thermal energy and carrying 
out a spectral analysis of coupling-induced conductivity modulation. 
3.1 Si/Ge Superlattices – In-plane Configuration 
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Our goal is to move beyond calculation of thermal conductivity and to establish 
thermal energy distribution within superlattices. To achieve this goal, we first predict the 
amount of heat carried by extended and layer-restricted phonons and provide insights on 
the effects of periodicity, volume fraction and surface scattering. As we discuss in the next 
sections, extended and layer-restricted phonons constitute different heat conduction modes 
with distinct physical properties that can give rise to different wave-interference phonon 
effects on thermal energy transport. We thereafter predict thermal phonon spectra 
segregating the heat into extended and layer-restricted phonons. We also provide a 
comprehensive analysis of the dependence of thermal conductivity on temperature across 
































































































































































































We show in Figure 5 the effects of superlattice period on the thermal conductivity 
and energy distributions for Si/Ge superlattices under different interface conditions at room 
temperature. The different contributions to thermal conductivity arising from extended (e-
Si, e-Ge) and layer-restricted (r-Si, r-Ge) phonons are shown separately with blue and red 
lines respectively while black lines show the total in-plane superlattice thermal 
conductivity κSL. Note that e-Si refers to phonons that are extended and originating in Si, 
while e-Ge refers to extended phonons originating in Ge. Bulk phonon mean-free-paths 
and dispersion relations for Si and Ge are taken from existing values in the literature 
[12,113-115]. We observe that κSL decreases as the period length decreases, which is 
attributed to increased phonon interface scattering due to an increased interface density and 
the absence of wave effects (see CHAPTER 4). Figure 5a quantitatively show how κSL 
varies with period for different surface roughnesses (η =0.1, 0.5, and 1 nm) at the 
interfaces. While κSL is significantly reduced for larger η values at small length scales, for 
large periods κSL saturates to the bulk value 
( )( )0.5 0.5 1.56 0.60 1.08 W/cm.KSL bulk Si bulk Geκ κ κ− −= + = + = independently of the surface 
condition. This trend confirms to the physical concept that at large periods, superlattices 
behave as bulk multilayers and SLκ  does not depend on interface features. We found in 
Figure 5a that, with increasing period, the contribution of extended phonons (i.e. those 
moving across different layers) undergoes a maximum and then vanishes asymptotically. 
The increase in contribution is due to the reduced interface density as the period increases, 
whereas the decline is due to the fact that as period lengths approach bulk values, the 
number of incident phonons on the interfaces reduces since phonon MFPs become much 
smaller than the layer thicknesses. That is, due to the limited extent of the bulk phonon 
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mean-free-paths there are no extended phonons for large superlattice periods. Contrarily, 
the contribution of layer-restricted phonons (i.e. those moving in a single layer) increases 
monotonically with increasing period lengths and, similarly to SLκ , reach the bulk values 
0.5 bulk Siκ −  and 0.5 bulk Geκ −  for large periods. This is consistent since at large periods 
phonons do not see the interfaces and move within a single layer while carrying the heat. 
In Figure 5b, we also analyze the relative contributions of the components of conductivity, 
i.e. their percentage contribution to the total conductivity, as a function of the period length 
and for different surface conditions. We found that with increasing period length, the 
relative contribution of phonons restricted to Si shows a minimum (correlated to the 
maximum in e-Si) while that of those restricted to Ge decreases. The relative contributions 
of phonons extended across layers also exhibit maxima before tending to negligible 
amounts at large period lengths. The contribution of different phonon transport modes to 
the thermal conductivity is dependent on the superlattice period and surface conditions and, 
in particular, we found that there exist a specific period for which the amount of heat carried 
by extended phonons is maximized. 
3.1.2 Influence of Superlattice Volume Fraction 
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Figure 6. (a) Variation of thermal conductivity of layer-restricted and extended 
phonons as a function of period length for Si/Ge superlattices having volume fraction 
of fSi = 0.75, with roughness values of 0.1 nm and 0.5 nm. (b) Relative contribution of 
extended and layer-restricted phonons in the corresponding superlattices. 
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Figure 7. (a) Variation of thermal conductivities with period length for Si/Ge SLs, 
having volume fraction of fSi = 0.25, with surface roughness η = 0.1 nm and η = 0.5 
nm. (b) Relative contribution of extended and layer-restricted phonons. 
Next, we investigate the phonon energy distributions within the superlattices as a 
function of the volume fraction f of the constituent materials. We consider two vastly 
different SiGe superlattice conditions by choosing fSi=0.75 and fSi=0.25 and show in Figure 
6 and Figure 7 the variation of the thermal conductivity with period for different surface 
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conditions. For a fixed period length, decreasing fSi decreases the thermal conductivity κSL, 
which is analogous to the bulk case, since bulk Si bulk Geκ κ− −> . For fSi=0.75 (Figure 6), the 
contribution to conductivity of phonons restricted to Si is increased with respect to fSi=0.50 
due to its higher volume fraction. Note that the contribution of extended phonons 
originating from Si and the maximum is also more pronounced than fSi=0.50 and for period 
lengths d<104 nm the contribution is larger than that of those restricted in Ge. For larger 
periods, however, a reversed behavior is observed due to the zero-limit contribution of 
extended phonons at large periods. In terms of relative contributions, phonons restricted to 
Si still exhibits a minima with increasing period length (Figure 6b) which is in agreement 
with the trend found for fSi=0.50. The relative contributions of layer-restricted phonons in 
Ge are weakly dependent on the period length. On the other hand, a maximum is still found 
in the relative contribution of extended phonons from Si and Ge. For fSi=0.25 (Figure 7), 
we observe that the contribution to conductivity of layer-restricted phonons in Ge is the 
largest (due to the large Ge volume fraction) followed by that of phonons restricted to Si 
and thereafter that of extended phonons originating from Si and Ge. This feature is 
maintained across all period length scales. In terms of relative contributions, the relative 
contribution of phonons restricted to Ge decreases while that of phonons restricted to Si 
increases with increasing period. Importantly, by comparing Figure 5- Figure 7, we found 
that reducing the volume fraction of Si does not alter the existence of a maximum for 
extended phonons but the amount of heat carried by these phonons is significantly reduced. 
Note that all the aforementioned maxima and minima for the distribution of thermal energy 
are more pronounced in the case of small interface roughness as reduced interface 
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scattering allows for larger mean free paths and thus a larger proportion of extended 
phonons. 
3.1.3 Impact of Interface Roughness 
 
Figure 8. Effects of interface roughness on the amount of heat carried by layer-
restricted and extended phonons in superlattices with periods d=10nm, 100 nm, and 
1000 nm. Black, red and blue curves represent total, layer-restricted and extended 
components of conductivity respectively.  
Since interface conditions are a critical aspect for superlattice thermal transport, we 
investigate in detail the variation of energy distribution and thermal conductivity with 
respect to surface roughness in superlattices fSi= fGe=0.50. Figure 8 shows κSL when the 
interface roughness is varied from η = 0 nm to 1 nm. We quantitatively show how κSL 
reduces and converges to a constant value as the roughness increases. This behavior is 
observed in restricted and extended components of the conductivity and across different 
period lengths. This is attributed to the fact that as we increase interface roughness, the 
fraction of phonons that are specularly scattered diminishes asymptotically. Very rough 
surfaces lead to complete diffusive scattering and that gives the lowest value of 
conductivity for a specific period length. On the other hand, we observe that κSL increases 
at η = 0. This is due to the absence of diffuse interface scattering in the superlattice. In this 
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case, it is only the impedance mismatch which modulates the amount of heat carried in 
different constituent elements. Since impedance mismatch is non-vanishing in Si/Ge SLs, 
we note that κSL does not tend to bulk values at η = 0 in the quasi-ballistic regime.   
 From the previous discussions, it is clear that the amount of thermal energy carried 
by layer-restricted and extended phonons can be tailored by manipulating the structural 
features of the superlattice such as period, volume fraction, and surface roughness. This 
means that it is possible to rationally design superlattices with maximal or minimal 
proportions of heat carried by extended or layer-restricted phonons. These different heat 
transport processes can give rise to different physical properties and wave effects as we 
discuss in CHAPTER 4. 
3.1.4 Heat Frequency Spectrum in Superlattices 
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Figure 9. (a) Frequency spectrum for Si/Ge SL of period lengths d = 10 nm and d = 
100 nm at roughness values of η = 0.1 nm and η = 0.5 nm (solid and dashed curves 
respectively). (b) Relative cumulative contribution of extended and layer-restricted 
phonons (purple and brown respectively) as a function of frequency in the 
corresponding SLs. 
One important aspect in nanoscale heat transport is the establishment of the amount 
of heat carried by phonons with different frequencies. The prediction of the heat frequency 
spectrum allows to determine whether heat is carried by low, middle, or high frequency 
phonons, which can be utilized to rationally design thermal materials and devices 
[35,116,117]. Next, we study the heat frequency spectrum in Si/Ge superlattices. Figure 9 
shows the normalized cumulative conductivity and relative cumulative conductivity at 
room temperature as a function of frequency for period lengths d =10 nm and 100 nm, and 
fSi= fGe=0.5. Two different surface roughnesses were considered for both superlattices, η = 
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0.1 nm and 0.5 nm. Note that when the period decreases, the proportion of heat carried by 
high frequency phonons increases. For instance, for d =10 nm, η  = 0.1 nm, approximately 
50% of the heat is carried by phonons with frequencies less than 3 THz, while this 
proportion is increased to 60% for d =100 nm. This is due to reduced phonon scattering at 
the boundaries (due to lower interface density) in longer period length superlattices, which 
allows for larger mean-free-paths. Thus, a lower frequency phonon can carry more heat in 
a longer period superlattice. Figure 9a also quantitatively establishes the shift in the 
frequency spectrum with change in interface roughness. We note that with increase in 
roughness, the total superlattice conductivity spectrum shifts towards the right i.e. higher 
frequencies (or blue shift). This suggests that increase in interface roughness scatters lower 
frequencies more significantly (due to larger MFPs), thus higher frequencies carry more 
heat. The kink around 5 THz is due to the existence of only longitudinal modes at high 
frequencies. In Figure 9b, we present the relative cumulative conductivity as a function of 
phonon frequency. The plots indicate the fraction of heat carried by layer-restricted and 
extended phonons up to a certain frequency for different periods and surfaces roughnesses. 
For example, at d =100 and η = 0.5 nm, approximately 65% of the heat conduction is layer-
restricted and the remaining ~35% is extended for phonons up to 3 THz in frequency. 
Figure 9b shows that with increasing interface roughness the fraction of heat that is layer-
restricted is increased. This is consistent with the limiting case of fully diffuse interfaces 
wherein there will be no thermal conductivity contribution of extended modes and all heat 
will be layer-restricted. This observation provides a mechanism that can be utilized to 
control the proportion of thermal conductivity which is layer-restricted and extended by 
manipulating the roughness. We provide further verification of this trend in the next 
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section. We also note that as frequency increases more phonons tend to be restricted. This 
is attributed to the larger mean-free-paths of low-frequency phonons which allow them to 
reach the interfaces to a larger extent. Also, low-frequency phonons have large 
wavelengths and are more specularly reflected at the interfaces, enabling transmission 
across different layers. 
3.1.5 Phonon Mean-Free-Path Spectrum  
 
Figure 10. (a) Mean-free-path spectrum for Si/Ge SL of period lengths d = 10 nm and 
100 nm at roughness values of 0.1 nm and 0.5 nm (solid and dashed curves 
respectively). (b) Relative cumulative contribution of extended and layer-restricted 
phonons (purple and brown respectively) as a function of mean-free-path in the 
corresponding SLs. 
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In addition to the frequency spectrum, a critical thermal transport property is the 
phonon mean-free-path spectrum, which allows to determine how far phonons move while 
carrying heat. In superlattices, the reduced phonon MFPs in each layer i depend on the z-
coordinate of the point where the phonon originates and the wavevector k

, and are given 
by the solutions of the BTE by dropping the factor xfi ∂∂ /
0  from Eq. 16. We consider 
superlattices of period lengths 100 nm and 10 nm and surface roughness of 0.1nm and 
0.5nm (fSi= fGe=0.50). Figure 10a gives the normalized cumulative conductivity at room 
temperature as a function of the MFP. The normalized cumulative conductivity tends to 
saturate starting at MFPs approximately 1 µm for period d =10nm. This implies that 
phonons having MFP larger than the saturation MFP do not carry significant portion of 
heat. We note that for all the components of conductivity, the saturation MFP shifts to 
higher values as the period length increases to d =100 nm i.e. the curves shift to the right. 
This is consistent, since a shorter period length would imply shorter MFPs due to higher 
influence of boundary scattering. We observe that, in agreement with the frequency 
spectrum, more heat is layer-restricted than extended between the layers. This is due to the 
following reasons – (1) high frequency phonons of Si having frequency higher than the 
maximum frequency allowed in Ge (for either polarization – longitudinal or transverse) 
carry significant amount of heat and (2) phonons that are restricted in Ge via total internal 
reflection (due to the large acoustic impedance between Si and Ge) also carry substantial 
heat. Also, in agreement with the previous section, we observe that with increasing 
roughness, a larger fraction of heat conduction is restricted to a layer. 
3.1.6 Temperature Dependence and Comparison with Experiments  
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Figure 11. (a) Comparison between the theoretical predictions and experimental data 
for a 50-50 Si-Ge SL of period length 4 nm. (b) Temperature variation of thermal 
conductivity for Si-Ge SL of periods length d = 10 nm, 100 nm, and 1000 nm (dotted, 
dashed and solid curves respectively) at roughness values η = 0.1 nm, η = 0.5 nm and 
fully diffuse scattering (green, orange and black curves respectively). 
Figure 11a shows the comparison between theoretical predictions and experimental 
measurements of superlattice thermal conductivity as a function of temperature. We note 
that measurements of in-plane thermal conductivity of SiGe superlattices in the literature 
are scarce. The theoretical (solid lines) and experimental (symbols) plots show the 
temperature variation of in-plane thermal conductivity in a Si/Ge superlattice with period 
d=4 nm and fSi= fGe=0.50. We observe that κSL initially increases with increase in 
temperature, reaches a maximum and then shows a weak dependence with increase in 
temperature. The observed reduction of κSL at low temperatures is a result of decreasing 
phonon occupation as the temperature is reduced. At higher temperatures, phonon 
occupation does not change significantly, and the weak dependence of κSL on temperature 
is a consequence of the dominance of interface scattering over phonon-phonon scattering 
due to the small superlattice period. We see that our predictions can explain the trends by 
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providing a match with the experimental data [84]. In addition, Figure 11a shows the 
sensitivity of κSL with respect to surface roughness where a small decrease in η leads to a 
slight increase in κSL. We provide in Figure 11b the dependence of κSL on temperature for 
a vast range of structural features, where periods are increased by orders of magnitude from 
d = 10nm to d = 1µm, and three surface roughness conditions η = 0.1 nm, η = 0.5 nm, and 
fully diffusive interfaces are considered. Note that at high temperatures (>100K), with 
increasing period length, there is a reduction of thermal conductivity with temperature due 
to phonon-phonon scattering, in contrast to a nearly constant dependence for small periods 
due to the dominance of phonon-surface scattering. 
3.2 GaAs/AlAs Superlattice – In-plane Configuration  
In this section, we use an approach analogous to that employed for Si/Ge 
superlattices, to model thermal phonon interface scattering accounting for roughness, 
correlation length, and interlayer coupling and apply it to elucidate in-plane thermal 
transport mechanisms in III-V compound semiconductor superlattices. Along with 
providing predictions of the impact of varying structural parameters on thermal 
conductivity, we present a systematic description of thermal spectra in terms of frequency 
and mean free paths of phonons. We perform an extensive microscopic analysis detailing 
various interfacial interaction mechanisms in GaAs/AlAs superlattices and segregating 
thermal conductivity contributions of phonons with respect to the different physical 
mechanisms determining their trajectory. We investigate these contributions through 
predictions of the quantity of heat retained by phonons after N transmissions and reflections 
at interfaces while moving through the superlattice structure. We employ the analysis to 
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investigate thermal conduction in optoelectronic applications such as QCLs and Quantum 
Well Infrared Photodetectors (QWIPs) and determine thermal conductivity variation with 
well and barrier widths. We also compute the conductivity for realistic finite-sized 
superlattices used in these devices. Our results provide key inputs for thermal control in 
III-V semiconductor superlattice-based optoelectronic devices which is crucial for 
achieving an optimum performance. 









































































































































































In Figure 12a, we examine the effect of period length variation on thermal 
conductivity in GaAs/AlAs superlattices and illustrate the thermal energy distribution (i.e. 
the decomposition of thermal conduction into “layer-restricted” and “extended” phonons) 
for various interface roughness conditions. We observe an increase in the overall thermal 
conductivity with increasing period length due to decreasing interface density. We note 
that for strong interlayer coupling (small interface roughness and period lengths < 50 nm) 
the extended phonons in GaAs and AlAs have a larger contribution than layer-restricted 
phonons. This is in sharp contrast to Si/Ge superlattices where layer-restricted phonons are 
the major contributors to thermal conductivity irrespective of period length and roughness 
[118]. This is due to the lower impedance mismatch between GaAs and AlAs as compared 
to Si and Ge arising from similar lattice constants, dispersion relations, and physical 
properties of GaAs and AlAs. We see that for large interface roughness, this behavior 
ceases and the contribution of layer-restricted phonons becomes dominant. We observe 
that the thermal conductivity contribution of extended phonons exhibits a maxima with 
increasing period length due to a trade-off between reduction in interface density and finite 
thermal phonon MFPs. Thus, for large values of period length, thermal conductivity 
contribution of extended phonons asymptotically tends to a negligible value. In Figure 12a, 
we also provide the quantitative prediction of the thermal conductivity variation with 
interface roughness, where we show how, with increasing interface roughness, the thermal 
conductivity of superlattices reduces due to incremental diffusive scattering of phonons. 
For calculations, bulk dispersion relations and phonon mean-free-paths data for GaAs and 
AlAs and their alloys are taken from existing values in the literature [79,119-122].  The 
bulk mean-free-paths 0 0( ) ( ) ( )j jl k v k kτ=
  
, where 0 ( )j kτ

 is the relaxation time, are 
 53 
calculated by considering scattering by phonons. By separately considering isotropic 
longitudinal (LA) and transverse (TA) acoustic polarizations, we obtain the phonon-
phonon relaxation times for GaAs and AlAs by comparing Boltzmann calculations to the 
experimental bulk thermal conductivity [12]. We note that our phonon-phonon relaxation 
times show reasonable good agreement across the entire frequency spectrum with those 
calculated from first-principles [123] and similar approaches [79]. Optical modes are 
neglected, as owing to their low group velocities and high scattering rates their contribution 
to thermal conductivity is low [31]. For room temperature, we consider thermal transport 
being incoherent in GaAs/AlAs superlattices (see last paragraph) [63]. In Figure 12b, we 
analyzed the relative thermal conductivity contributions of distinct phonon components. 
The relative contribution of layer-restricted phonons in AlAs increases monotonically 
while that in GaAs shows a slight minima with period length. We remark that the relative 
contribution of extended phonons largely shows a monotonic decrease thereby indicating 
that although thermal conduction by extended phonons is maximum at specific period 




Figure 13. Thermal conductivity of GaAs/AlAs superlattices with interface roughness 
η = 0.10 nm for two different volume fractions fGaAs = 0.25 and fGaAs = 0.75 where the 
total, layer-restricted, and extended phonon thermal transport is depicted by black, 
purple and brown lines respectively. 
We next study the variation of thermal energy distribution with volume fraction. In 
Figure 13, we have considered two vastly different volume fractions of the constituents, 
fGaAs = 0.25 and fGaAs = 0.75. We show how the thermal conductivity of GaAs-AlAs 
superlattices decreases with decreasing volume fraction of AlAs. This is consistent since 
bulk conductivity of AlAs is larger than that for GaAs. We remark that, for large values of 
period length the thermal conductivity of the superlattice tends to the weighted average of 
the bulk conductivities of GaAs and AlAs, thus in alignment with the notion that surface 
characteristics do not have a significant impact at the macro scale. This agrees with our 
previous discussion since at large period lengths, phonons do not see the interfaces and are 
constrained to move within a single layer. We also note that, in Figure 13, extended 
phonons exhibit a maximum with increasing period length, but their contribution to thermal 
conductivity significantly reduces with decreasing volume fraction of AlAs. 
3.2.2 Microscopic Thermal Analysis 
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Figure 14. Thermal energy distribution in GaAs/AlAs superlattices showing thermal 
conduction by different interfacial interaction mechanisms of thermal phonons. The 
extended phonon conductivity is denoted by the solid brown line while the TIR-BSM, 
TIR-AIM and MFP reduced (components of layer-restricted phonons) are denoted 
by the green dash-dotted, dashed and dotted lines respectively. 
After quantifying the impact of periodicity, volume fraction, and interface 
roughness on thermal transport in GaAs/AlAs superlattices, we next consider a thermal 
analysis at a microscopic level and distinguish the different mechanisms which constrain 
phonons within a specific material layer and evaluate the thermal conduction through each 
mechanism. There exist three possible physical mechanisms which cause layer-restricted 
phonons i.e. phonons constrained to move within a layer (Figure 1) – (1) total internal 
reflection by acoustic impedance mismatch (TIR-AIM), in which phonons are constrained 
to a layer because the phonon incidence angle exceeds the critical angle at the interface due 
to an acoustic impedance mismatch between two materials, (2) total internal reflection by 
band structure mismatch (TIR-BSM), in which phonons of a particular frequency are 
unable to transmit into the adjacent layer and thus remain in a single layer because that 
frequency is not available in the dispersion relation of the adjacent material and (3) MFP 
reduction, in which phonons are unable to reach the interface due to diffused scattering 
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thus remain constrained within a layer. In Figure 14, we show the distribution of thermal 
conduction in superlattices into four different components depending on the trajectory and 
physical mechanisms encountered by phonons. We present the thermal conductivity 
contributions of phonons subject to TIR-BSM (green dash-dotted curve), TIR-AIM (green 
dashed curve), MFP reduction (green dotted curve) and extended (brown solid curve) 
phonons as a function of period length. Note that our mode-wise implementation of the 
BTE (Methodology Section) takes into consideration wavevector directions, frequencies, 
angles, point of origin, mean free paths, and phonon coupling between materials (i.e. 
reflection and transmission) allowing to separate phonons having different physical 
properties (e.g. phonons that transmit or internally reflect at the interfaces). This detailed 
description of phonon transport enables to decompose the total thermal conductivity into 
various parts based on the trajectory and physical mechanisms behind phonon transport 
(i.e. extended or layer restricted, TIR-AIM, TIR-BSM, and MFP). At larger period lengths, 
all phonons are MFP layer-restricted due to finite MFPs. That is, TIR and extended 
components of conductivity tend to negligible values while the reduced-MFP component 
tends to the mean of the bulk conductivities of GaAs and AlAs. We observe that, 
irrespective of period length and roughness, the contribution of the extended phonons is 
larger than contribution of phonons subject to TIR-AIM or TIR-BSM. This behavior is 
unique to the component materials of the superlattice and is attributed to similar dispersion 
relations and low acoustic impedance mismatch between GaAs and AlAs. We notice that, 
with increase in roughness, the maxima for TIR and extended components of conductivity 
are lowered (indicative of the overall reduction in conductivity) and shifted to a larger 
period length value. This is because, superlattices of smaller period length undergo larger 
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MFP reduction (in contrast with superlattices of larger period length). The segregation of 
thermal transport into these four components allows for a thorough understanding of the 
movement of heat within superlattices. 
3.2.3 Interaction with Multiple Interfaces 
 
Figure 15. (a) and (b) Normalized thermal conductivity  transmitted across interfaces 
(extended phonons) as a function of number of transmissions and (c) and (d) 
transmitted within a layer after ‘N’ number of reflections (layer-restricted phonons) 
in a GaAs/AlAs superlattice of period length 10 nm and 100 nm respectively. 
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Along with understanding of segregation of thermal conduction into various 
phonon trajectories, it is also essential to quantify how much heat can be transmitted across 
several interfaces upon scattering. This knowledge plays a key role in determining the 
probability of wave effects such as phonon coherent interference (i.e. dispersion relation 
modification owing to multiple reflections and transmissions of phonons at interfaces [63]) 
and quantum confinement (i.e. dispersion modification owing to multiple reflection of 
phonons within a single layer [124]) in superlattices. Phonon interference effects caused 
by interference of phonons with their reflections from superlattice interfaces [63] require 
that a sufficiently large proportion of heat is transmitted across multiple interfaces. The 
observation of quantum confinement effects is governed by coherent interference of 
multiple reflections of layer-restricted phonons [102]. In this section we provide the 
percentage of total thermal conductivity that is transmitted across interfaces as a function 
of the number of interfaces (for extended phonons) and that which is retained within a layer 
after multiple reflections from its boundaries (for AIM and BSM components of layer-
restricted phonons). In Figure 15a and Figure 15b, we present the proportion of thermal 
conductivity retained by phonons upon ‘N’ transmission and reflection events in GaAs-
AlAs superlattices, respectively. We perform this analysis for different values of period 
length and roughness. We note that the amount of heat transmitted across interfaces and 
reflected from surfaces reduces with increasing roughness. In Figure 15a, we observe that 
a significant proportion (~40%) of the total thermal conduction is retained after scattering 
from 10 interfaces in a 10 nm period length superlattice with roughness η = 0.10 nm, and 
decreases to 20% as the roughness increases to η = 0.25 nm. An interesting observation is 
that the proportion of heat transmitting across interfaces decreases as we increase the period 
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length from 10 nm to 100 nm. For smooth surfaces (η = 0.10 nm), it is clear that the larger 
the distance between the surfaces, the smaller the heat transmitted across the interfaces. 
However for rough surfaces (η = 0.25 nm), as the distance between the surfaces is 
increased, mean free paths are also increased, and the heat transmitted is weakly varying 
with period length due to a balance between these two effects as shown in Figure 15a. We 
evaluated in Figure 15b the fraction of heat retained upon ‘N’ reflections from surfaces for 
phonons that are layer-restricted (by AIM and BSM mechanisms) in terms of the 
normalized cumulative conductivity. A component-wise analysis reveals that TIR-AIM is 
the dominant mechanism contributing to layer-restriction of heat after multiple phonon 
‘bounces’ within a layer. Due to comparable dispersion relations for GaAs and AlAs, 
available frequencies exist for transmission in the adjoining media which leads to lower 
TIR-BSM. Furthermore, phonons of all frequency ranges can be confined by TIR-AIM 
while those layer-restricted due to TIR-BSM are only high frequency phonons, and the 
latter are more diffusively scattered upon reflection at rough interfaces. From this analysis, 
we can predict how, for GaAs-AlAs superlattices, small period length and small interface 
roughness lead to a higher proportion of heat being carried after ‘N’ bounces. 
3.2.4 Thermal Spectrum for Superlattices 
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Figure 16. Frequency spectrum for GaAs/AlAs superlattices of period length (a) 10 
nm and (b) 100 nm at room temperature at interfacial roughness values η = 0.1 nm 
(solid lines) and η = 0.25 nm (dashed lines). The total, layer-restricted and extended 
phonons’ thermal transport contributions are depicted by black, purple and brown 
lines respectively. 
Another important aspect of nanoscale heat transport lies in the analysis of the 
quantity of heat carried by phonons of varying frequency and MFP length. This is essential 
to designing superlattices for applications where thermal conduction manipulation of 
certain physical properties such as long MFPs or small frequencies can increase the 
probability of scattering by additional centers such as nanoparticles. In this section, we 
quantify the heat carried by phonons across various frequencies and MFPs through 
frequency and MFP spectra of GaAs-AlAs superlattices in terms of their normalized 
cumulative conductivities. In Figure 16, we show the thermal phonon frequency spectra in 
GaAs-AlAs superlattices with period length values of 10 nm and 100 nm and interface 
roughness of η = 0.10 nm and 0.25 nm. We note that, with increasing period length, a larger 
proportion of the heat is carried by lower frequency phonons, since reduced interface 
density allows for longer MFPs. We also observe a blue shift in the frequency with 
increasing roughness i.e. a rightward shift in the frequency spectrum. This is because with 
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increasing roughness, the effect of diffuse scattering on low-frequency phonons is larger 
than that for high-frequency phonons. The kinks observed in the frequency spectra 
correspond to the ends of the dispersion relations for transverse phonons. By comparing 
the plots for different roughness values, we gauge that with increasing roughness, a larger 
fraction of phonons are layer-restricted than extended. This indicates that MFP reduction 
due to increased roughness causes fewer phonons to transmit to adjacent layers. Interface 
roughness modification thus provides a crucial strategy to manipulate the amount of 
thermal conduction and distribution amongst its components. We next provide a thorough 
comprehension of the MFP spectrum of GaAs/AlAs superlattices. 
 
Figure 17. Mean free path spectrum for GaAs/AlAs superlattices of period length (a) 
10 nm and (b) 100 nm at room temperature at interfacial roughness values η = 0.1 nm 
(solid lines) and η = 0.25 nm (dashed lines). The total, layer-restricted and extended 
phonons’ thermal transport contributions are depicted by black, purple and brown 
lines respectively. 
In Figure 17, we present the MFP spectra in GaAs/AlAs superlattices with physical 
parameters as considered earlier in terms of period length and roughness. We observe that 
with increasing period length, the spectra shift towards the right i.e. a larger proportion of 
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thermal conduction is through larger MFP phonons. For instance, phonons having MFP 
larger than 1µm carry ~20% of the total heat in a 10 nm period length superlattice (with η 
= 0.1 nm) whereas this proportion increases to ~35% in a 100 nm period length superlattice. 
This spectral shift towards larger MFPs is attributed to a reduction in the interface density. 
With increased interface roughness values, we see that the superlattice MFP spectra shift 
towards the left i.e. shorter MFPs, corresponding to an enhancement in diffusive interfacial 
scattering. Comparing these results to those for MFP spectra in Si/Ge superlattices [118], 
we note that a larger fraction of thermal conduction corresponds to extended phonons, and 
we attribute this to a reduced acoustic mismatch in GaAs/AlAs. This is reaffirmed in our 
observation of the saturation MFP, i.e. a specific MFP length of phonons beyond which 
additional thermal conductivity contribution is not significant, which is about 10 μm for 
GaAs/AlAs superlattices while this value is about 1µm for Si/Ge superlattices. In 
agreement with the discussion of frequency spectrum, we mark that with increasing 
roughness a larger fraction of thermal conduction is layer-restricted than extended. 
3.2.5 Temperature Variation – Experimental Verification and Discussion 
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Figure 18. (a) Experimental validation of the thermal conductivity model showing 
reasonable agreement between predicted values (dashed and solid lines) and 
experimental values (orange dots) of thermal conductivity as a function of 
temperature in GaAs/AlAs superlattices of period length 140 nm (with equal volume 
fraction of either constituent) (b) Prediction of thermal conductivity of GaAs/AlAs 
superlattices as a function of temperature for period lengths 10 nm (dotted), 100 nm 
(dashed), and 1000 nm (solid) and interfacial roughness η = 0.1 nm (orange), 0.25 nm 
(green) and fully diffusive (dark yellow) interfaces. 
We also predict the temperature variation of in-plane thermal conductivity of 
superlattices and compare it with previously established experimental data [125]. We 
provide a prediction of the thermal conductivity variation with temperature at different 
period lengths and for different interface roughness conditions. In Figure 18a, we show the 
effects of temperature on the thermal conductivity for a GaAs (70 nm)/AlAs (70 nm) 
superlattice in solid and dashed lines while the symbols demarcate the experimental values 
for measurements by Yu et. al [125]. We note that the predicted theoretical values are in 
good agreement with the experimental data. In Figure 18b, we present the temperature 
variation of thermal conductivity for GaAs-AlAs superlattices. We observe that thermal 
conductivity in this temperature regime reduces with increasing temperature. This is 
attributed to a rise in anharmonic phonon-phonon scattering with increasing temperature. 
We notice that with increasing period length, the thermal conductivity is a strongly varying 
 64 
function of temperature. This is due to reduction in interface density which reduces the 
impact of the temperature-independent interfacial scattering, thereby making the 
temperature-dependent internal scattering the dominant scattering mechanism. 
3.2.6 Application – Quantum Cascade Lasers and MQW Photodiodes 
 
Figure 19. (a) Thermal conductivity of GaAs/Al0.1Ga0.9As (orange lines) and 
GaAs/Al0.3Ga0.7As (blue lines) superlattices as a function of period length for different 
well widths i.e. thicknesses of GaAs as 4 nm (solid), 7 nm (dashed) and 10 nm (dotted) 
lines. (b) Thermal conductivity of finite-sized GaAs/Al0.1Ga0.9As (orange symbols) and 
GaAs/Al0.3Ga0.7As (blue symbols) superlattices as a function of the number of periods 
in the superlattice structure for period lengths 10 nm (circles) and 20 nm (stars). 
In this section, we apply the above thermal analysis to optoelectronic devices such 
as quantum cascade lasers (QCLs) and quantum well infrared photodetectors (QWIPs). A 
ubiquitous structural configuration in these devices consists of superlattice structures with 
large number of periods. For infrared wavelength operations, QCLs and QWIPs commonly 
involve GaAs/AlxGa1-xAs as superlattice constituent materials [14,18-20], where GaAs and 
AlxGa1-xAs layers act as potential wells and barriers, respectively. QCL active regions 
generate a large amount of thermal power and reducing the lattice temperature is necessary 
for optimum performance and avoiding damage [121]. Temporal noise at high 
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temperatures is a limiting factor for QWIPs [126]. Importantly, Suoto et. al. found that in-
plane thermal conduction plays the primary role in determining the peak temperature in the 
active region of a laser diode [127]. Thus, it is imperative to develop a thorough 
comprehension of thermal transport in these devices. In Figure 19a, we provide quantitative 
predictions for in-plane thermal conductivity of GaAs/Al0.1Ga0.9As and GaAs/Al0.3Ga0.7As 
superlattices while varying the well and barrier widths. The well widths considered are 4 
nm, 7 nm and 10 nm while the overall period of the superlattice has been varied from 10 
to 100 nm by changing the barrier widths. We observe that thermal conductivity of 
GaAs/Al0.1Ga0.9As superlattices are larger than the corresponding GaAs/Al0.3Ga0.7As 
superlattices due to larger conductivity of Al0.1Ga0.9As [122,128]. We find that, for the 
same period, thermal conductivity of superlattices increases with increasing well-width due 
to larger bulk thermal conductivity of GaAs. On the other hand, for the same well width, 
thermal conductivity exhibits a slight minimum with increasing barrier width. The initial 
decrease can be attributed to increasing volume fraction of the alloys in the superlattice 
while the increase is attributed to a reduction in the interface density. These conductivity 
predictions provide crucial insights for thermal management in optoelectronic device 
design. Since a variety of devices and applications employ superlattices with finite number 
of periods [21,129,130], we also compute the conductivity of realistic, finite-sized 
superlattices. We assume fully diffuse scattering at the external boundaries of the finite-
sized superlattice which causes a limitation on the MFP of the extended phonons. We 
assume that, on an average, the z-projection of the MFP of extended phonons can take a 
maximum value of half of the overall superlattice length. In Figure 19b, we implement this 
criterion to predict the thermal conductivity of GaAs/AlxGa1-xAs superlattices (equal 
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volume fractions of GaAs and alloy) with varying number of periods. We observe that 
thermal conductivity increases with increasing number of periods as increasingly larger 
MFPs of phonons can exist. For larger number of periods, the device conductivity values 
approach the infinite superlattice thermal conductivity. Our theoretical predictions 
incorporating finite-size effects on superlattices thus allows to determine the role of device 
size in terms of thermal dissipation and performance. 
3.3 GaAs/AlAs Superlattices – Cross-Plane Configuration  
We develop and employ a rigorous phonon transport approach to elucidate and 
provide physical insight on cross-plane thermal transport in III-V semiconductor 
superlattices. Our novel approach allows to consider mode-by-mode phonon coupling 
between the different materials in the superlattice in addition to a rigorous description of 
superlattice interfaces in terms of roughness and correlation lengths. Using our approach, 
we study the impact of length-related physical properties such as period length and 
interfacial roughness, on the thermal conductivity of III-V semiconductor and their alloy-
based superlattices. We present a thermal spectral analysis of the heat conduction by 
determining the phonon frequency spectrum and study the impact of modulating physical 
properties. We also contrast the findings with in-plane superlattice heat conduction [131] 
and predict the effective anisotropy in these multilayer nanostructures. In addition, we 
develop a microscopic analysis of superlattice heat conduction by establishing a modal 
thermal conductivity contribution for thermal phonons in GaAs/AlAs superlattices. Our 
findings from the finite-sized nanostructure analysis provide key inputs for designing 
superlattice nanostructures with desired thermal transport capabilities which is critical for 
III-V semiconductor based technological applications such as optoelectronic devices. 
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3.3.1 Period Length  
 
Figure 20. Cross-plane thermal conductivity for GaAs/AlAs superlattices as a 
function of period length for varying interfacial roughness from η = 0.00 nm to η = 
1.00 nm for (a) T = 300 K and (b) T = 80 K. 
We show in Figure 20 the quantitative prediction of the cross-plane thermal 
conductivity κ of GaAs-AlAs superlattices at temperatures T=300K and T=80K with 
varying period lengths from d = 10 nm to d = 100µm and interface roughnesses from 
η=0.00 to η=1.0 nm. We observe how the thermal conductivity decreases with decreasing 
period length, which can be attributed to an increase in surface scattering due to increasing 
interfacial density. We also notice that with increasing values of roughness η, the thermal 
conductivity reduces due to an enhancement in the diffusive interfacial scattering. We note 
that the predicted thermal conductivity values converge to the mean of bulk conductivities 
of GaAs and AlAs for larger period lengths independently of the surface roughness, which 





Figure 21. (a) Anisotropy ratio κIP/κCP (left axis) and in–plane κIP and cross-plane κCP 
thermal conductivities (right axis) as a function of period length for varying 
roughness values η = 0.10 nm, 0.25 nm, and 0.50 nm at T = 300 K. (b) Anisotropy and 
thermal conductivities as a function of interfacial roughness η for period length values 
d = 10 nm and d = 100 nm. 
We next examine the anisotropic thermal conduction in GaAs-AlAs superlattices 
by contrasting the cross-plane κCP and in-plane κIP thermal conductivities. We have 
previously introduced a detailed treatment for computing the in-plane thermal conductivity 
κIP in an earlier study [131] (Also see Section 3.2). In Figure 21a, we show the variation of 
the ratio of in-plane thermal conductivity to the cross-plane thermal conductivity as a 
function of superlattice period length and for different interfacial roughness conditions. We 
observe that the ratio κIP/κCP is greater than one for all values of period length, meaning 
that κCP is smaller than κIP which is consistent with the fact that in general surface scattering 
has a stronger impact on cross-plane heat conduction [79,132]. However, our predictions 
show that the anisotropy κIP/κCP can be as high as 1.9 for low roughness and small period 
lengths. We notice that for large period lengths, the plots converge to κIP/κCP ~1.12 
irrespective of the interfacial roughness, which is the ratio of bulk in-plane to bulk cross-
plane thermal conductivity. In Figure 21b, we predict the variation of the ratio κIP/κCP as a 
function of the interfacial roughness for period lengths d = 10 nm and d = 100 nm. Here-
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in, we discover an interesting non-linear trend, with the existence of a minimum. This can 
be understood from the fact that for in-plane conduction in small period length 
superlattices, the majority of the thermal conductivity reduction due to increasing 
roughness takes place at small roughness values due to shadowing and thereafter, 
conductivity remains fairly constant [118] whereas for cross-plane conduction the 
reduction at small surface roughness is less strong. The interlayer phonon coupling reduces 
with increasing roughness and for large roughness values we obtain the superlattice thermal 
conductivity that corresponds to the thermal conductivity of de-coupled thin films made of 
the constituent materials arranged in series and parallel for cross-plane and in-plane 
configurations respectively, thus causing the superlattice anisotropy to saturate with 
increasing roughness. For larger period lengths, the in-plane thermal conductivity 
reduction with roughness is much slower and thereby, the anisotropy values are lower. This 
detailed description of anisotropy of GaAs-AlAs superlattices can provide crucial inputs 
towards device design where thermal conduction needs to be modulated independently in 
different directions. An archetype of such a device is a directional heat spreader 
[5,133,134] wherein thermal dissipation is more efficient in a given direction owing to 
large contrast of conductivities along different directions and find applications such as 
thermal interface materials [135]. Thus, the above thorough investigation of anisotropy in 
superlattices can provide in-depth analysis for the applicability of III-V semiconductor 
superlattices for nanoscale thermal management applications. 
3.3.3 Frequency Spectrum  
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Figure 22. (a) Frequency Spectrum for cross-plane heat conduction in GaAs/AlAs 
superlattices at room temperature with interfacial roughness η = 0.1 nm for period 
lengths d = 10 nm, 100 nm, and 1000 nm. (Inset) Frequency spectrum for η = 0.5 nm. 
(b) Contrasting the in-plane (IP) and cross-plane (CP) frequency spectrum for 
GaAs/AlAs superlattices with interfacial roughness η = 0.25 nm for period length d = 
10 nm and d = 100 nm. 
In Figure 22, we elucidate the normalized cumulative thermal conduction spectrum 
in terms of the frequency of phonons in GaAs-AlAs superlattices. The spectrum indicates 
the fraction of heat conduction by phonons up to a certain frequency. For instance, in a 
GaAs-AlAs superlattice of period length d = 100 nm, with interfacial roughness η = 0.1 
nm, about 80% of heat is carried by phonons having frequencies less than 3 THz at room 
temperature (Figure 22a). We undertake a thorough examination of the thermal spectrum 
and its variation with various factors such as period length and interfacial roughness. We 
observe that with increasing period lengths, the frequency spectrum experiences a red shift 
(i.e. a larger fraction of the heat is carried by phonons with lower frequencies) because a 
reduction in interface density reduces diffusive scattering and thereby, allows phonons with 
lower frequencies (and correspondingly larger MFPs) to carry more heat. As the interfacial 
roughness increases (contrasting with the inset in Figure 22a), the spectrum undergoes a 
blue shift i.e. more heat is carried by higher frequency phonons. This behavior can be 
 71 
attributed to the large incremental diffusive scattering for low frequency phonons. We also 
compare the thermal spectra for the cross-plane and the in-plane conduction configurations 
of the superlattice in Figure 22b. We note that for superlattices with identical structural 
conditions (e.g. period, surface roughness), more percentage of heat is carried by high 
frequency phonons in the cross-plane configuration rather than the in-plane thermal 
conduction configuration due to stronger diffuse scattering effects in the cross-plane 
configuration. Another distinctive feature is the fact that low frequency phonons (f < 1THz) 
exhibit a steep increase in their thermal conductivity contribution in the in-plane case 
whereas they have a lesser contribution in the cross-plane configuration for surface 
roughness η = 0.25 nm. This indicates that large wavelength phonons with frequencies f < 
1THz carry a smaller amount of heat in cross-plane superlattice. This distinction in 
behavior while contrasting the two geometries can be attributed to the effects of boundary 
scattering being in general stronger in the cross-plane structure than the in-plane case due 
to the direction of gradient being perpendicular to the interfaces which results in stronger 
interfacial scattering. 
3.3.4 Temperature Variation and Experimental Validation 
 72 
 
Figure 23. Experimental validation of cross-plane thermal transport predictions 
showing excellent agreement between the experimental data and predictions of 
conductivity as a function of temperature for GaAs/AlAs superlattices of period 
length (a) 20, (b) 50 and (c) 80 monolayers respectively. (d) Experimental data and 
superlattice thermal conductivity predictions with roughness η = 0.2 nm as a function 
of period length. 
We validate our theoretical predictions through comparison of experimental 
measurements of thermal conductivity as a function of temperature and period length. In 
Figure 23a-c, we provide the thermal conductivity calculations for GaAs/AlAs 
superlattices with individual layer thicknesses consisting of 10, 25 and 40 monolayers 
respectively (periods d = 5.66 nm, 14.15 nm, and 22.64 nm). We remark that our 
predictions provide an excellent match with the experimental data extracted from Ref [80] 
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with roughness values of η = 0.15 nm (Figure 23a), η = 0.20 nm (Figure 23b) and η = 0.20 
nm (Figure 23c) respectively. The relatively low interfacial roughness values are consistent 
since the close lattice constants of GaAs and AlAs ensure minimal lattice defects and 
smooth interfaces within the superlattice. To further validate our theoretical predictions, in 
Figure 23d we provide the thermal conductivity variation with period length in GaAs/AlAs 
superlattices along with experimental data from Refs. [80,85,132]. Our estimation with a 
roughness value of η = 0.2 nm provides a good agreement with the data and thus, 
substantiates our claim of low interfacial roughnesses for GaAs/AlAs superlattices. In 
Figure 24, we present the quantitative predictions of the variation of cross-plane thermal 
conductivities of GaAs-AlAs superlattices with temperature for a broad range of physical 
properties such as period lengths and interfacial roughnesses. We observe that for large 
period lengths, the thermal conductivity steadily reduces with temperature whereas with 
reducing period length, it exhibits a weak dependence on temperature. This can be 
understood in light of the interplay of phonon-phonon internal scattering and diffusive 
interfacial scattering effects. At large period lengths, the low interfacial density causes 
temperature-dependent phonon-phonon scattering to be the dominant factor whereas at 
small period lengths, the temperature-independent interfacial scattering is the significant 
determinant of the thermal conductivity. Figure 24 provides an extensive analysis on the 
thermal conductivity (i.e. temperature, period, and surface roughness) that allows to 
explore the impacts of various physical properties on thermal transport across temperatures 
while providing key inputs for heat modulation in device configurations. 
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Figure 24. Thermal conductivity of GaAs/AlAs superlattices in the cross plane 
configuration with period lengths d =10 nm (purple), 100 nm (light blue), and 1000 
nm (orange) with varying interfacial roughness η = 0.10 nm (solid), 0.50 nm (dashed) 





Figure 25. (a) Thermal conductivity of GaAs/Ga0.1Al0.9As superlattices as a function 
of period length for varying interfacial roughness from η = 0.01 nm to η = 0.50 nm at 
T = 300 K and T = 80 K (Inset). (b) Contrasting room temperature frequency 
spectrum for GaAs/AlAs and GaAs/Ga0.1Al0.9As superlattices of period length d = 10 
nm and 100 nm with roughness η = 0.1 nm. 
Alloying III-V semiconductors finds numerous application in optoelectronics such 
as quantum cascade lasers [4,14] and infrared photodetectors [19,20] as it allows to tailor 
the electronic band gaps. We next explore the impact of introducing alloy atoms on the 
cross-plane thermal transport in III-V semiconductor superlattices. In Figure 25a, we 
calculate the cross-plane thermal conductivity of GaAs/Ga0.1Al0.9As superlattices as a 
function of period length at temperatures T = 300 K and T = 80 K (inset) for different 
interface conditions. We mark that the room temperature thermal conductivity of the 
alloyed superlattices is lower than that of pure GaAs/AlAs superlattices by almost a factor 
of 2. This is primarily attributed to the lower thermal conductivity of bulk Ga0.1Al0.9As 
(κ~0.25 W/cm K) in contrast with AlAs (κ~0.90 W/cm K) due to alloy scattering of 
phonons. In Figure 25b, we further show the impact of alloy scattering by predicting the 
thermal phonon frequency spectrum for AlGaAs-superlattices while also providing a 
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contrast with the spectrum for pure superlattices i.e. GaAs/AlAs superlattices with no 
alloying. We find that a much larger fraction of heat is carried by low frequency phonons 
in alloy-based superlattices than that in pure superlattices. This can be attributed to the fact 
that alloy scattering is most impactful for high frequency phonons and increases their 
scattering rates significantly, thus reducing their ability to carry heat [117]. This alloy 
scattering feature also explains the observation that with increasing period length, the alloy 
superlattice spectra undergoes a smaller red shift than that for pure superlattices at high 
frequencies. This shows that alloying can be a valuable tool to engineer the amount of heat 
carried by phonons with different frequencies. 
3.3.6 Modal Thermal Conductivity Analysis  
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Figure 26. Modal thermal conductivity of phonons in GaAs/AlAs superlattice of 
period length d = 100 nm, roughness η = 0.20 nm depicted with frequency vs. incidence 
angle plots where color indicates the thermal conductivity of the particular mode for 
transverse polarization in (a) GaAs and (c) AlAs and longitudinal polarization in (b) 
GaAs and (d) AlAs. 
A microscopic analysis of the distribution of thermal energy in superlattices 
necessitates a description wherein we can quantify the amount of heat carried by various 
phonon modes. Towards this end, in Figure 26, we present a visual analysis of the modal 
thermal conductivity in GaAs/AlAs superlattices by depicting the average amount of heat 
carried by a given phonon mode within the superlattice structure when the thermal gradient 
is perpendicular to the interfaces. Specifically, we depict the amount of heat carried by 
transverse and longitudinal polarizations for phonons starting from AlAs and GaAs by 
representing the modes as a function of the frequency and incidence angle with respect to 
the normal. Since the thermal conductivity is a function of the position, we select the center 
 78 
of the layers as representative points to depict the modal analysis within the superlattice. 
We notice that low frequency phonons have large modal thermal conductivity (although 
their density of states is small). The thermal contribution of a specific frequency (and 
incidence angle) range can be obtained from Figure 26 by summing modal contributions 
of all modes within that range. For transverse and longitudinal phonons originating in GaAs 
(Figure 26a and b), we mark a sudden transition in the amount of heat carried by phonons 
depicted by the sharp transition in colors from red to yellow at θ ~ 54°. This is attributed 
to total internal reflection (TIR) within GaAs and the loss of interlayer coupling once the 
incidence angle increases beyond this critical angle. This visual interpretation of modal 
analysis, thus, also provides the thermal transport transition within the nanostructures due 
to the critical angle as a function of the frequency. Since the group velocity tends to be 
negligible at the zone boundary for transverse phonons, we find a drastic reduction in the 
amount of thermal energy of phonons for transverse phonons at their high frequencies. For 
transverse phonons in GaAs and AlAs (Figure 26a and c), the cut-off frequency of GaAs 
and AlAs phonons (~2.4 THz and ~3.1THz respectively) can be clearly seen by a sudden 
transition in colors towards blue. On the other hand, for longitudinal phonons (Figure 26b 
and d) do not exhibit such sudden transition because phonon group velocities are non-zero 
at zone boundaries. A comprehensive modal thermal transport analysis as presented in 
Figure 26 elucidates the various phonon transport characteristics and trajectories and can 
provide vital inputs for tuning thermal conduction. 
3.3.7 Applications to Nanostructured Devices  
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Figure 27. Thermal conductivity of finite-sized GaAs/Al0.1Ga0.9As superlattices as a 
function of the number of periods for period lengths d = 10 nm (triangles) and d = 100 
nm (squares) with interfacial roughness as η = 0.1 nm (red symbols) and η = 1.0 nm 
(blue symbols). 
In this section, we apply the cross-plane thermal transport analysis to realistic finite-
sized devices based on III-V semiconductor superlattices owing to their multifarious 
optoelectronic applications such as quantum cascade lasers (QCLs) and quantum well 
infrared photodetectors (QWIPs) [14,18,19]. These structures typically employ 
GaAs/AlxGa1-xAs superlattices with a finite number of periods [21,130], thus necessitating 
the need to compute the impact of overall device size on thermal transport. We limit the 
MFPs of phonons crossing multiple layers of the superlattice by assuming fully diffusive 
boundaries at the edges of the device, thus, setting the upper limit of the x-projection of the 
MFP as half of the overall superlattice size. In Figure 27, we demonstrate the effect of 
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increasing the number of periods on the thermal conductivity of a GaAs/Al0.1Ga0.9As 
superlattice. We notice that conductivity increases with increasing number of periods due 
to presence of larger MFPs. For larger number of periods, the conductivity tends to that of 
an infinite superlattice. We also observe that there is a larger impact of overall structure 
size on smoother superlattices since there is lower interfacial scattering allowing more 
phonons to reach the boundaries of the nanostructure. Thus, these predictions provide 
useful inputs which can be utilized to guide device design and thermal management in 
typical nanostructured devices. 
3.4 Film-on-Substrate 
Thin-film on substrate is a ubiquitous system in optoelectronic applications as they 
constitute fundamental architectures for various types of devices such as lasers, 
photodetectors, and LEDs [86,88-92,110-112,136,137]. Although enhancing thermal 
conduction is essential to create highly efficient electronics and optoelectronics, to date, a 
large number of studies on nanomembranes [8-10,12,94,96,99] have shown that thermal 
conduction decreases as the spacing is decreased and the development of approaches that 
enable to increase heat conduction in these nanosystems has been difficult. In this work, 
we show that, in contrast to established understanding of thermal transport, the in-plane 
thermal conduction of film-on-substrate nanomembranes can be increased with decreasing 
film thicknesses, which is exactly opposite to free-standing and silicon-on-insulator studies 
which predict that it decreases. Specifically, we demonstrate how thermal conduction in 
film-on-substrate (FOS) systems is distinct from free-standing thin films and emphasize on 
the importance of taking into account accurate thermal conductivities for design of FOS 
optoelectronic devices and read out from experiments. We study the cases of a Ge thin film 
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grown over Si substrate and an Al0.1Ga0.9As thin film grown over GaAs substrate. We show 
that for semiconductor substrates such as Si and GaAs, accounting for thermal coupling 
between substrate and thin film is necessary to accurately understand heat transport in FOS 
based heterostructure devices. We evaluate the physical mechanism behind the thermal 
conductivity dependence on different structural conditions while rigorously accounting for 
interfacial coupling. We also perform a detailed examination of the thermal phonon spectra 
in terms of thermal conductivity contributions by phonons with different frequencies and 
mean free paths, thereby systematically studying the effects of substrate-thin film coupling. 
Rationally designed phonon coupling in FOS architectures can lead to a fundamental new 
approach for thermal management in optoelectronic devices such as infrared 
photodetectors and LEDs. 
3.4.1 AlGaAs Thin-Film on GaAs Substrate – Thin Film Thickness Variation 
 
Figure 28. Thermal conductivity of an Al0.1Ga0.9As thin film grown on GaAs substrate 
in FOS architecture (orange lines) and an isolated free-standing Al0.1Ga0.9As thin film 
(blue lines) for different interfacial roughnesses at temperatures (a) T=100 K and (b) 
T=300 K. The vertical arrow denotes the direction of increasing roughness. Blue 
horizontal line corresponds to the bulk thermal conductivity of Al0.1Ga0.9As. 
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We show in Figure 28 the predicted thermal conduction variation of a ternary alloy 
Al0.1Ga0.9As thin films atop a GaAs substrate for the case of equal inner and outer surface 
conditions, while varying the thickness of the Al0.1Ga0.9As thin film. Our calculations show 
that the thermal conductivity κ of the thin film in the FOS architecture increases with 
decreasing thickness, which is exactly the opposite of the conventional free-standing 
calculations [12,102] which predict that it decreases. Specifically, we found that the 
thermal conductivity of a nanofilm in a FOS structure can be larger than the bulk thermal 
conductivity (horizontal blue line) as well as that of an isolated, free-standing 
nanomembrane of the same material with similar structural properties. The observed 
enhancement in the thermal conductivity (∆κ) of the Al0.1Ga0.9As film is attributed to 
phonon injection from the substrate [107]. For certain surface conditions, interfacial 
coupling between the thin film and the substrate allow phonons to be exchanged between 
the two media. In the FOS case we consider, the phonon mean free paths (MFP) of the 
substrate material are larger than their corresponding thin-film phonon MFP. Since the 
local thermal conductivity at a point inside the thin film is determined by the effective MFP 
of phonons reaching that point, the local thermal conductivity of the thin-film in the FOS 
structure is enhanced beyond the isolated thin-film value due to an injection of larger MFP 
phonons from the substrate, which leads to a larger effective MFP for phonons in the thin-
film. For the case when phonons in the thin film have larger MFPs compared to the 
substrate, the thermal conductivity of the FOS would be smaller than the corresponding 
isolated thin-film. It is noteworthy that the thermal conductivity κ of the film can be 
enhanced beyond the Al0.1Ga0.9As bulk conductivity value. We denote this enhancement 
of thermal conduction beyond the bulk conductivity values by ∆κbulk whereas we denote 
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the enhancement beyond isolated thin film conductivity values as ∆κiso. We remark that we 
observe an increasing ∆κbulk with reducing thickness of thin film for a wide range of 
interfacial roughnesses. This finding can have profound consequences since achieving 
enhanced thermal conduction is a key component of enabling heat dissipation from hot 
spots in optoelectronic and microelectronic applications. The facilitation of effective heat 
dissipation in nanostructures can further promote miniaturization and efficient power 
consumption in devices. We observe this trend of enhancement beyond bulk conductivity 
∆κbulk to be significant even at T = 300K, which shows that devices will be competent for 
room temperature operation as well. We note that, the unconventional increase in the 
thermal conductivity of the thin film in the FOS architecture with decreasing thickness can 
be understood in light of recognizing the role of interfacial scattering and film thickness. 
For small roughnesses we have low diffusive interfacial scattering, and due to the low 
acoustic impedance mismatch between Al0.1Ga0.9As and GaAs there is a strong interlayer 
phonon coupling in the system. With decreasing film thickness, the volume fraction in the 
film in which there is an enhancement of thermal conductivity arising from interlayer 
phonon coupling increases because phonons being injected from GaAs, which have finite 
MFP, are allowed to influence a larger film proportion. As a result, the thermal conductivity 
κ of the film increases with decreasing thickness for η = 0, 0.10, 0.15 and 0.25 nm because 
the enhancement by phonon coupling is larger than the decrease by diffuse interface 
scattering. On the other hand, for the isolated free-standing thin film, we observe a 
reduction in thermal conductivity with decreasing thickness, which is due to conventional 
boundary scattering. Note that in this case there is no interlayer phonon coupling and 
therefore there are no physical mechanisms to observe an increase in heat conduction. 
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Significantly, we found that the different physical mechanisms behind thermal transport in 
isolated and FOS nanomembranes can lead to opposite thermal conductivity behaviors 
when the film thickness is reduced. We note that we investigate the thermal conductivity 
of the thin film atop the substrate and not that of the entire structure consisting of the 
substrate and thin film. Figure 28 also shows how the thermal conductivity increases with 
reducing roughness and temperature. We remark that for case of very rough interfaces (e.g. 
η = 1.0 nm) and T=300 K (Figure 28b), we observe a minimum in thermal conductivity for 
a film thickness close to t = 500 nm, which is due to the competition between thermal 
conductivity enhancement by phonon coupling and thermal conduction reduction by 
interfacial scattering. We highlight that this minimum in thermal conductivity is 
independent of any thermal phonon wave effects or coherent heat conduction which have 
been reported in other studies [33,65,124,138]. 




Figure 29. Thermal conductivity of a Ge thin film grown on Si substrate in FOS 
architecture and an isolated free-standing Ge thin film depicted by orange and blue 
lines respectively for different interfacial roughnesses at temperatures (a) T = 100 K 
and (b) T = 300 K. Blue horizontal line corresponds to bulk thermal conductivity of 
Ge. 
In Figure 29a and Figure 29b, we consider an FOS system consisting of a thin film 
of Ge deposited on a Si substrate, where we study the variation of thermal conductivity of 
the FOS film and contrast it with that of bulk Ge and an isolated thin film of Ge. Our 
numerical predictions show that for certain surface conditions and thicknesses the thermal 
conductivity of the thin film on substrate still increases beyond the bulk Ge thermal 
conductivity with decreasing thickness but enhancement effects by phonon coupling are 
less pronounced in this case due to dissimilar dispersion relations for Si and Ge. The 
thermal conductivity of FOS is also enhanced beyond the corresponding isolated thin film 
conductivity values. We note that a large acoustic impedance between Si and Ge owing to 
a difference in densities and phonon mode velocities leads to significant reduction in 
transmission and phonon coupling in the Si-Ge case. Thus with decreasing thickness, we 
generally observe a decrease in the thermal conductivity of the FOS due to increasing 
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diffuse scattering effects. However, for cases where the interfacial diffuse scattering is not 
the dominant mechanism (for instance, when η = 0) the thermal conduction increases since 
the volume fraction in which the enhancement takes place increases with decreasing 
spacing. These combined mechanisms for phonon transport (phonon coupling and interface 
scattering) also explain the maxima observed in the thermal conductivity of the FOS Si-Ge 
system. We also mark that the thermal conductivity enhancement (∆κiso), diminishes with 
increasing thickness of the thin film. This is due to the reducing influence of surface 
scattering and phonon coupling and the fact that thin film conductivities tend towards the 
bulk conductivity with increasing thickness. We also show in Figure 29 the impact of 
surface conditions and temperature variation and find how the thermal conductivity and its 
enhancement increases with reduction in surfaces roughness and temperature. 
3.4.3 Frequency Spectrum 
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Figure 30. Frequency spectrum of an Al0.1Ga0.9As thin film grown on GaAs substrate 
in FOS architecture (orange) and an isolated free-standing Al0.1Ga0.9As thin film 
spectrum (yellow) depicted in terms of the thermal conductivity contributions of 
different frequency ranges for the following configurations (a) t = 10 nm, η = 0.15 nm, 
T = 300 K, (b) t = 10 nm, η = 0.15 nm, T = 100 K, (c) t = 100 nm, η = 0.15 nm, T = 300 
K , and (d) t = 10 nm, η = 0.25 nm, T = 300 K where t is thickness of thin film, η is 
interfacial roughness and T is temperature. 
In order to provide additional insights and guidelines for the rational design of FOS 
nanostructures, we next present an in-depth spectral analysis of the phonon injection 
mechanism and its effects on the spectral thermal conductivity. In particular, we focus on 
determining the enhancement in thermal conductivity for phonons with different thermal 
phonon frequencies and mean free paths. In Figure 30, we show the thermal phonon 
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frequency spectrum for an Al0.1Ga0.9As over GaAs FOS system and compare it with the 
spectrum for a free-standing Al0.1Ga0.9As thin film. Note that we present the spectrum in 
terms of the thermal conductivity contribution of different frequency bands. In Figure 30a, 
the Al0.1Ga0.9As thin film has thickness t = 10 nm and inner and outer roughness of η = 
0.15 nm at T = 300 K. We observe that the spectral thermal conductivity for the FOS shows 
a clear enhancement compared to the thin-film spectrum. In  particular,  this  enhancement  
is  larger  for  lower  frequencies  while  it  diminishes as the frequency increases. This is 
attributed to the fact that diffusive interfacial scattering reduces at lower frequencies, which 
allows for larger phonon interlayer coupling and thermal conductivity enhancement. The 
predominance of enhancement for low frequency phonons also explains why there is a 
steady decline for thermal conductivity spectral contributions as the frequency increases 
for the case of FOS. On the other hand, the isolated thin film spectrum exhibits a maxima 
which is a consequence of the competition between a rise in phonon occupation and 
reduction in scattering times (phonon-phonon and boundary scattering) with increasing 
frequency. We have also examined the dependence of the frequency spectra with changing 
temperature, thickness, and interfacial roughness. In Figure 30b we compare the FOS and 
isolated thin film spectra with same physical parameters at T = 100 K and notice a boost in 
the thermal conductivity enhancement due to the reduction in phonon-phonon scattering. 
In addition, we show the modulation in thermal spectrum with film thickness by 
considering an Al0.1Ga0.9As thin film of thickness t = 100 nm at T = 300 K in Figure 30c. 
We see that the reduction in enhancement due to the large spacing leads to high frequencies 
having almost equal contribution for the FOS and isolated thin film systems. In Figure 30d, 
we provide the thermal frequency spectrum at t = 10 nm and a larger interface roughness 
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η = 0.25 nm, and found that the enhancement ∆κiso at lower frequencies is higher than ∆κiso 
at η = 0.15 nm (Figure 30a) due to larger impact of diffuse scattering on the low frequency 
spectrum of the isolated thin film. 
3.4.4 Mean Free Path Spectrum 
 
Figure 31. Mean Free Path spectrum of an Al0.1Ga0.9As thin film grown on GaAs 
substrate in FOS architecture (orange) and an isolated free-standing Al0.1Ga0.9As thin 
film spectrum (yellow) depicted in terms of the thermal conductivity contributions of 
different mean free path ranges. The variation of thermal spectrum is shown for (a) t 
= 10 nm, η = 0.15 nm, T = 300 K, (b) t = 10 nm, η = 0.15 nm, T = 100 K, (c) t = 100 nm, 
η = 0.15 nm, T = 300 K, and (d) t = 10 nm, η = 0.25 nm, T = 300 K. 
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In addition to understanding the thermal energy distribution within different 
frequency bands, comprehension of mean free path spectrum is vital in designing 
nanomaterials for efficient thermal transport. In Figure 31 we contrast the thermal phonon 
MFP spectrum of the Al0.1Ga0.9As over GaAs FOS and Al0.1Ga0.9As thin film architectures 
in terms of the thermal conductivity contributions of different MFP ranges which differ by 
one order of magnitude. We show in Figure 31a the thermal MFP spectrum for an Al0.1-
Ga0.9As thin film of thickness 10 nm with inner and outer roughness of η = 0.15 nm at T = 
300 K. Different thermal conductivity enhancements ∆κ are observed for different MFPs 
and we note that the enhancement as well as thermal conductivity κ contribution undergoes 
a maxima for MFP lengths lying in ℓ=103-104 nm range. The κ maxima is explained by 
considering that short MFP phonons (i.e. high frequency) have high scattering rates while 
large MFP (i.e. low frequency) phonons have low occupation probabilities. We undertake 
a thorough investigation of this spectral distribution by considering the impact of 
temperature, film thickness and interfacial roughness. In Figure 31b, we present the MFP 
spectral analysis for similar physical features of the FOS and isolated thin film at a 
temperature T = 100 K. We observe that for the temperatures under consideration the MFP 
range for maximal thermal conductivity contribution κ remains essentially constant but 
thermal conductivity enhancement ∆κ for larger MFPs increases much more than it does 
for lower MFPs. This aligns with reduced phonon-phonon scattering at the lower 
temperature. We predict that shifting the maximum contribution MFP range to a higher 
value is possible upon further lowering of temperature (not shown). We study the case of 
larger thin film thickness in Figure 31c and find that there is a significant reduction in 
thermal conductivity enhancement ∆κiso across phonon MFPs when contrasted with the 
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enhancement in Figure 31a. Upon changing the interfacial roughness to a higher value in 
Figure 31d, enhancement of large MFP (> 104 nm) phonons increases which aligns with 
the observation in the frequency spectrum in Figure 30d. A detailed study of the thermal 
phonon MFP spectrum and quantitative predictions of its modification upon varying 
physical conditions can provide key inputs for controlling thermal transport in FOS-based 
nanostructures and optoelectronic devices. 
3.4.5 Thermal Conductivity Enhancement Spectrum 
Since our focus is to understand the impact of interfacial coupling on heat transfer 
augmentation, we also analyze the thermal spectra by quantifying the thermal conductivity 
enhancement. In this section, we investigate the significance of interfacial characteristics 
on the coupling in FOS architectures through a spectral analysis by studying the cumulative 
thermal conductivity enhancement (∆κiso = κFOS – κthin-film) as a function of thermal phonon 
frequencies and MFPs. 
3.4.5.1 Al0.1Ga0.9As thin-film on GaAs substrate 
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Figure 32. Phonon spectra in terms of cumulative thermal conductivity enhancement 
as a function of frequency and MFP in a Al0.1Ga0.9As thin-film (thickness t = 50 nm) 
on GaAs substrate system with interfacial roughnesses as η = 0.10 nm, 0.25 nm and 
0.50 nm. 
In Figure 32, we show the thermal conductivity enhancement spectrum for an 
Al0.1Ga0.9As on GaAs FOS in terms of the cumulative thermal conductivity as a function 
of thermal phonon frequency and MFPs for thin film thickness t = 50 nm. This depicts the 
Δκ until a certain phonon frequency or MFP. We observe that thermal conductivity 
enhancement increases with an increase in roughness. This finding seems rather 
counterintuitive since the transmission coefficient decreases with increasing roughness. 
We can understand this behavior by realizing that thermal conductivity enhancement is 
determined by the amount of increase in conductivity over the baseline thermal 
conductivity of an isolated thin film. Since Al0.1Ga0.9As and GaAs have very close 
dispersion relations and low acoustic mismatch, transmission is not significantly lowered 
with increasing roughness. However, the thermal conductivity of the isolated thin film 
undergoes a significant decline owing to boundary scattering from rough interfaces [102]. 
Since the small change in transmission is outweighed by the reduction of isolated thin-film 
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conductivity, we find that thermal conductivity enhancement increases with increasing 
roughness. Note that, in-plane thermal conductivity of a smooth Al0.1Ga0.9As isolated thin 
film or FOS is larger than the corresponding structures with larger roughness. We observe, 
in Figure 32a, that enhancement per unit frequency decreases with increasing frequency 
due to a reduction in transmission and the spectrum saturates at about 2 THz. We also note 
in Figure 32, that the increase in enhancement is smaller when roughness increases from η 
= 0.25 nm to η = 0.50 nm in contrast with η = 0.10 nm to η = 0.25 nm. This is in alignment 
with the limiting case of fully diffusive interface, where we have negligible enhancement 
(but this is only possible for very large roughness values), thus indicating that enhancement 
would achieve a maximum for a certain roughness value. 
3.4.5.2 Ge thin-film on Si Substrate 
 
Figure 33. Phonon spectra in terms of cumulative thermal conductivity enhancement 
as a function of frequency and MFP in a Ge thin-film (thickness t = 50 nm) on Si 
substrate system with interfacial roughnesses as η = 0.10 nm, 0.25 nm and 0.50 nm. 
We show, in Figure 33, the analogous thermal conductivity enhancement spectra 
for a Ge on Si FOS for a thin-film with similar structural properties. We observe that with 
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increasing roughness thermal conductivity enhancement reduces. Accounting for the role 
of significant dispersion and acoustic mismatch between Si and Ge, we find that 
transmission coefficient reduces significantly with increasing roughness. In the case of Ge 
on Si FOS, the reduction in thermal conductivity of FOS due to a reduction in transmission 
outweighs the reduction in thermal conductivity of the isolated free-standing thin film. This 
is in contrast with the Al0.1Ga0.9As on GaAs case where we observe the opposite trend due 
to similar dispersion relations and low acoustic mismatch. This provides us a key insight 
into how acoustic mismatch and dispersion similarity affect the significance of roughness 
in coupling and thereby, influence the enhancement spectra. We observe, in Figure 33a, 
that thermal conductivity enhancement spectrum saturates around a frequency of about 3 
THz. Contrasting the MFP spectra of Ge on Si FOS system in Figure 33b with that of the 
Al0.1Ga0.9As on GaAs in Figure 32b, we find that the phonon injection mechanism/coupling 
results in enhancement across all MFPs for the latter case while it is only observed at large 
MFPs in the former case of Ge on Si. Similar dispersion relations of Al0.1Ga0.9As and GaAs 
allow phonons from one media to readily transmit into the other owing to easily satisfying 
the transmission conditions. In the case of Si and Ge, only phonons below 2.4 THz 
(transverse) and 7.2 THz (longitudinal) can find corresponding phonons upon transmission. 
Therefore, low frequency phonons having large MFPs undergo significant enhancement. 
These observations in the spectral analysis can have important experimental consequences 
for thermal conductivity readout procedures since they provide an in-depth understanding 
of enhancement and its dependence on interfacial characteristics as well as dispersion and 
acoustic mismatch. 































































































































































































Since thermal phonon coupling between thin film and substrate is expected to be 
influenced by the system structural conditions, we next investigate the effects on thermal 
conductivity of FOS that result from varying the inner (thin film-substrate interface) and 
outer (thin film-air) interfacial roughness individually. To this end, we present in Figure 
34a-c, the thermal conductivity for an FOS system consisting of a Ge thin film on a Si 
substrate, where we quantitatively predict thermal conduction for varying Ge thin film 
thicknesses from t=10 nm to t=1000 nm. We observe different thermal conductivity 
dependence on inner roughness as compared to outer roughness, thus leading to 
asymmetric contours of constant thermal conductivity. We see that there is a higher thermal 
conductivity reduction when increasing inner roughness contrasted to the case of increasing 
outer roughness. This is ascribed to the additional diffusive interfacial scattering due to 
partial transmission and reflection of phonons at the inner interface, whereas phonons at 
the outer interface only have specular and diffusive reflections. We have demarcated in 
Figure 34 with dashed black line the contours denoting the bulk value of the thermal 
conductivity of Ge as ~0.6 W/cm K at T = 300 K. These constitute indicators of the upper 
bounds of interfacial roughness in order to exceed the bulk value of thermal conductivity 
of Ge in the FOS via interlayer phonon coupling. 
3.5 Fundamental Inquiry into Interfacial Coupling 
Upon having elaborated a thorough evaluation of the thermal conductivity 
enhancement in FOS architectures, we provide a deeper investigation of phonon interfacial 
coupling. We furnish a 2D quantitative analysis of the transmission coefficient and its 
dependence on phonon frequencies, interfacial roughness and acoustic and dispersion 
mismatch of the materials across an interface. We postulate an averaged transmission 
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coefficient by taking an average of transmission coefficients across all transmitted 
wavevectors between two media and study their variation with interfacial roughness. We 
investigate the impact of coupling in terms of thermal conductivity enhancement in FOS 
architectures, and generate visual illustrations of localized thermal energy distribution in 
these structures and contrast them with those in bulk materials and isolated thin-films. This 
unique heat visualization provides for how thermal phonon MFPs are spatially distributed 
and details the impact of nanostructuring and interfacial coupling on this distribution. We 
also examine the dependence of the spatial distribution on the interfacial roughness, 
temperature and choice of different media across the interface. This fundamental analysis 
paves the way to comprehend interfacial coupling between materials in terms of 
experimentally quantifiable parameters. 





























































































































































































































































































First, we have presented the variation of the transmission co-efficient of thermal 
phonons incident from Ge on a Si-Ge interface while the various frequencies have been 
demarcated using a colormap. We notice that with decreasing roughness transmission 
increases, allowing higher frequencies to have larger transmission and thereby the area 
shaded in blue becomes larger. We also notice that as frequency increases, critical angle 
for transmission decreases. This is evident from the fact that a larger wavelength color from 
the colormap envelops a lower wavelength color (for instance, green area envelops blue 
area, yellow area envelops the green area and so on). The reason for this phenomenon is a 
faster reduction in group velocity of Si phonons vs group velocity of Ge phonons as the 
wave vector approaches the Brillouin zone edge. In order to analyze the impact of acoustic 
and dispersion mismatch, we extend the analysis to GaAs-AlAs which have a lower 
acoustic and dispersion mismatch than Si-Ge. Analogously, in Figure 36, we show the 
transmission co-efficient variation for an AlAs-GaAs interface where phonon are incident 
from GaAs. We find that the transverse polarization has a critical angle for transmission 
~58o while for the longitudinal polarization, there is no critical angle, with transmission 
taking place for all angles. This can be understood from the fact that longitudinal dispersion 
relations of GaAs and AlAs intersect at a frequency f0 ~ 6.3 THz which allows for phonons 
of that frequency to transmit at any angle since the same k-vector couples across the 
interface. We observe a trend similar to the Si-Ge case with changing roughness for the 
transverse polarization. 
From the above discussion, we recognize that transmission coefficient as defined 
in Eq. 13, captures the dispersion and acoustic mismatch along with accounting for 
interface features such as roughness. We define an averaged transmission coefficient 
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(ATC) as a measure of coupling between two interfaces by taking a mean of the 
transmission coefficients over all wave-vectors ( k

) which get transmitted. This parameter 
allows us to predict the possibility of coupling and quantify it which is essential to predict 
the change in thermal conductivity due to coupling. Thermal conductivity modification due 
to coupling in layered nanostructures plays a crucial role in performing thermal readouts 
which would need to be modified to account for coupling. Thermal conductivity changes 
also open a vast avenue to modulating thermal conduction which can be utilized in rational 
nanomaterial design frameworks such as enhanced thermal conductivity for heat 
dissipation from hotspots in a microelectronic circuit [139]. 
 
Figure 37. Averaged Transmission Coefficient (ATC) as a function of interfacial 
roughness for Si/Ge, GaAs/AlAs and GaAs/Al0.1Ga0.9As interfaces for transverse and 
longitudinal polarizations. 
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In Figure 37, we observe a reduction in the ATC with increasing roughness, with 
generally larger ATC values for material pairs with closer dispersion and low acoustic 
impedance mismatch. This is in alignment with previous work in enhancing phonon 
transmission [140]. We also notice that a larger ATC is found for longitudinal phonons in 
contrast with transverse phonons. This is due to the non-zero group velocities at zone 
boundaries for longitudinal phonons as well group velocities being larger than transverse 
phonons. This also explains why the reduction in ATC for longitudinal phonons with 
increasing roughness is lesser compared to the case of transverse phonons. We notice that 
ATC for longitudinal phonons in the Si-Ge case is larger than the ATC for GaAs-AlAs 
case at lower roughnesses since longitudinal group velocities in Si-Ge are larger than 
GaAs-AlAs and there is a dominance of the interfacial characteristics in determining 
transmission rather than the acoustic impedance mismatch.  
 This analysis provides us with an in-depth understanding of the variation of 
transmission coefficient as a function of interfacial structural characteristics such as 
roughness as well as its dependence on acoustic impedance mismatch between different 
pairs of materials across an interface. This extensive comprehension furthers our 
understanding of interfacial coupling which impacts thermal conduction in nanoscale 
devices involving an interface between two materials. 
3.5.2 Phonon Visualization 
In section 3.4, we marked that an essential outcome of interlayer coupling in 
materials is the modulation in thermal conductivity taking place due to exchange of 
phonons across the interface during transmission. Thermal conductivity of the 
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nanostructure is obtained by averaging the localized thermal conductivity at every point 
within the nanostructure. To obtain the localized thermal conductivity, we need the 
distribution of phonons, in particular the deviation from the equilibrium distribution (Eqs. 
1-3 and 7) [31]. Equivalently, this can be understood as distribution of MFPs of phonons 
arriving at a point [107]. In order to analyze this phonon MFP distribution, we provide a 
pictorial depiction of heat distribution and study how various factors such as boundary 
scattering and shadowing impact this distribution in a nanostructure. We present a 
comprehensive analysis by contrasting this spatial thermal energy distribution for Ge bulk, 
thin-film and thin-film on (Si) substrate configurations (see Figure 38 for schematic) to 
apprehend the impact of nanostructuring and interfacial coupling which collectively impact 
thermal conduction in film-on-substrate systems. 
 
Figure 38. Schematic of bulk system, thin-film of Ge and (Ge) thin-film on (Si) 
substrate. 
In this sub-section, we emphasize on visualizing this significant outcome of 
coupling and investigate the impact of varying roughness on the coupling-induced thermal 
























































































































































































































In Figure 39, we have shown a 2D visualization of spatial distribution of heat in 
terms of thermal phonon MFPs around a point in a bulk material, an isolated thin-film and 
a thin-film on substrate (FOS). We consider that the thermal gradient is in the x-direction 
while the thin-film is bounded in the z-direction. In these log-polar plots, we have depicted 
the phonon MFP along the radial direction while the polar angle captures the direction of 
propagation of phonons in terms of angle with the x-y plane (90˚- incidence angle). The 
color of a point on the plot, indicates the amount of heat carried by the phonon originating 
there and terminating at the origin. The color of points further away from origin is darker 
indicating that more heat is carried by phonons away from the point which can be 
understood from the fact that they have larger MFPs. We observe that for the bulk case in 
Figure 39a, the phonon MFP distribution arriving at a point is radially symmetric as 
expected since there is no directional preference within a bulk material. For the case of 
thin-films, the spatial thermal distribution would vary depending on the location within the 
thin-film. For a comparative analysis with the bulk case, we have averaged the distribution 
for 20 uniformly distributed points in the z-direction and plotted the MFP distribution in 
Figure 39b. We observe in Figure 39b that for small angles with x-y plane, there is a severe 
MFP reduction. This can be attributed to shadowing since at small angles with x-y plane, 
the phonons tend to propagate increasingly parallel to the thin-film surface and they interact 
with a significantly reduced area of the surface. This causes a drastic reduction in the 
specular reflection coefficient, thereby reducing MFPs of phonons. On the other hand, for 
phonons propagating at larger angles, boundary scattering due to finite-size effects cause a 
reduction in the MFPs. This reduction is seen across a broad range of angles and thus, the 
resultant conductivity is smaller than bulk values. In order to examine the impact of 
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interlayer coupling, we investigate the phonon MFP distribution in the FOS architecture. 
For the case of Ge on Si FOS in Figure 39c, we observe larger MFPs for phonons with 
incidence angle (90˚ – polar angle) less than the critical angle in transverse and longitudinal 
polarizations. We also notice a darker shade (more towards red) for these phonons which 
implies increased thermal conduction. These are evident indicators of thermal conductivity 
enhancement due to phonon injection from substrate as a consequence of interfacial 
coupling. We note that the MFP reduction due to shadowing is still significant, since the 
critical angle is small. We remark that the overall thermal conductivity in the FOS can 
exceed that of the bulk material which is the case while contrasting Figure 39a and Figure 
39c. The high density of dark shades corresponding to long MFP phonons that show up in 
Figure 39c for angles less than the critical angle contribute to an enhancement beyond the 
bulk thermal conductivity. This finding has a crucial significance in enabling swift heat 









































































































































































In Figure 40, we demonstrate a visual representation of the impact of changing 
roughness on the spatial distribution of thermal phonon MFPs in Ge on Si FOS 
architectures. We observe a reduction in the density of points plotted with increasing 
interfacial roughness from η = 0.1 nm to η = 1.0 nm, which is indicative of reduction in 
MFPs. We notice that with increasing the interfacial roughness there is a large reduction in 
the MFPs of phonons which have propagation angles smaller than the critical angle of 
incidence. This can be attributed to the fact that these phonons do not engage in coupling 
and undergo reduction owing to boundary scattering. On the other hand, we detect a smaller 
reduction in MFP for phonons having larger propagation angles since phonon injection 
from substrate can compensate for enhanced diffusive scattering. We also examine the 
temperature dependence of the spatial distribution of heat in a nansostructure considering 
analogous visualizations for an Al0.1Ga0.9As thin-film of thickness t = 1000 nm on GaAs 
substrate and interfacial roughness η = 0.1 nm. In Figure 41, we provide the heat 
distribution in the Al0.1Ga0.9As on GaAs FOS systems for temperatures varying from T = 
100 K to T = 500 K for both transverse and longitudinal phonon polarizations. In Figure 
41, we discover how the MFP distribution shrinks towards lower MFPs with increasing 
temperature. We observe clear reductions in the maximum phonon MFP and modal thermal 
conductivity contributions which can be attributed to the rising phonon scattering rate with 
increasing temperature. Note that, we do not encounter a clear signature of MFP reduction 
due to shadowing since phonon injection from GaAs substrate dominates even at low 
angles with x-y plane due to similar dispersion relations and low acoustic impedance 
mismatch which wasn’t the case in Ge on Si FOS systems. Nevertheless, the asymmetric 










































































































































































These 2D visualizations of phonon MFPs and corresponding thermal energy 
distributions provide localized insights into how interfacial coupling impacts thermal 
conduction in nanostructures. They provide an understanding of how phonons MFPs are 
spatially distributed which can be leveraged to modulate thermal conduction by 





CHAPTER 4.  
PRELIMINARY ANALYSIS OF THERMAL PHONON WAVE 
PHENOMENON 
In this Chapter, we briefly analyze the possibility of wave effects for nanostructures 
with periodic boundaries such as superlattices. Thermal phonon wave effects is an 
emerging research area that has captured significant interest in recent years 
[33,34,36,63,116]. For certain structures and temperatures, wave effects can modify 
phonon dispersion relations, opening opportunities to control phonon group velocities and 
density of states, which are critical transport properties affecting the thermal conductivity 
[63]. The coherent interference of multiple reflected phonons originating from the phase-
preserving specular scattering at interfaces is the basic mechanism for the appearance of 
wave effects. It is important to highlight that thermal phonons are incoherent in the sense 
that they are formed by random vibrations of the atomic lattice. Although thermal phonons 
are incoherently generated, wave effects due to coherent interference refer to wave effects 
arising from the coherent interference of phonons with themselves after reflection and 
transmission at multiple surfaces or interfaces. 
4.1 Types of Phonon Wave Effects 
Semiconductor superlattices are excellent candidates for investigating thermal 
phonon wave effects due to their nearly atomic flat interfaces which increase the amount 
of specular scattering. Fundamentally, specular scattering of phonons in superlattices can 
give rise to two distinct wave effects – thermal band gaps and quantum confinement – 
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depending on the phonon energy distribution and trajectories. Specifically, for ‘layer-
restricted’ phonons, multiple reflections at the confining surface boundaries of the layer 
can interfere coherently and give rise to “quantum confinement” effects (formation of 
phononic quantum wells) and on the other hand, for ‘extended’ phonons, multiple 
reflections at the interfaces between the layers of the superlattice can interfere coherently 
and give rise to “thermal band gaps”. We note that in both cases the net effect is the 
modification of the phonon dispersion relations and thus the velocities and density of states 
of thermal phonons. (Note that, specific conditions for development of phonon quantum 
confinement effects in terms of film thickness, roughness and temperatures have been 
analyzed in Ref. [141].) Since a complete description of wave effects necessitates 
accounting for thermal band gaps and quantum confinement, it is critical to predict the 
fraction of heat which is ‘extended’ in contrast to ‘layer-restricted’ in order to manipulate 
the extent of thermal band gaps and quantum confinement respectively. For instance, in 
section 3.1.1 and 3.1.2, we have highlighted the fraction of heat conducted by layer-
restricted and extended phonons respectively as a function of the superlattice structural 
features such as period length and interfacial roughness. In a Si-Ge superlattice with period 
length d=100nm, roughness η = 0.1 nm, and fSi=0.75−fGe=0.25, the relative amount of heat 
carried by extended phonons is close to 30%. This is therefore the most favorable 
superlattice for the development of thermal band gaps in the sense that 30% of the heat is 
carried by phonons that see multiple interfaces. We note, however, that for strong coherent 
interference effects in Si-Ge superlattices, phonons must see at least ten 
interfaces[142,143] . We calculated the fraction of heat carried by phonons that travel 
through five superlattice periods (i.e. 10 interfaces) and found that it is reduced to 16%. 
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This small amount is one reason why strong wave effects and a minimal thermal 
conductivity are not observed for in-plane transport. We would like to clarify that bulk 
phonon mean free paths in Si and Ge can be relatively long but they are strongly reduced 
in superlattices due to surface scattering. As a result, only a small fraction of phonons can 
travel across multiple layers when the Si-Ge superlattice interfaces are rough and thus, 
there are negligible wave effects. 
4.2 Pathways for Accentuating Wave Phenomenon 
We note that coherent interference of thermal phonons occurs when phonon 
wavelengths are comparable to the characteristic length of the structure and phonon mean 
free paths (MFP) are large enough for the formation of forbidden frequency ranges. In 
superlattices, one of the conditions for the emergence of wave effects is that phonon 
wavelengths are comparable to the superlattice period d = a + b (i.e. Bragg’s law λ~2d). 
Since in typical semiconductors at T=300K most of the heat is carried by phonons with 
wavelengths λ=1-10nm [114], wave effects should emerge for period lengths scales 
smaller than 10nm. In particular, Bragg’s law establishes that the superlattice period for 
strong wave effects should be d∼2-3nm [116]. This is fully consistent with first-principle 
simulations and experiments which report that strong wave effects occur at periods p~3-
4nm [33,64]. Accounting for the amount of continued thermal conduction along with 
wavelength and MFP conditions is crucial towards framing strategies that can enhance the 
possibility of wave effects in periodic nanostructures.  
We highlight some methodologies that can intensate the impact of wave 
phenomenon on thermal conduction in superlattices. For ‘layer-restricted’ phonons, the 
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strength of quantum confinement is predicted to increase with acoustic impedance contrast 
between the SL constituent materials due to an increasing fraction of phonons becoming 
layer-restricted [118]. On the other hand, for ‘extended’ phonons, cross-plane 
configuration is expected to have stronger wave effects. This can be understood through 
the following reasoning. When the temperature gradient ∇T is normal to the layers, layer-
restricted phonons travel perpendicularly to ∇T while extended phonons (which can be 
subject to coherent interference) move along ∇T. This is in direct contrast to in-plane 
phonon transport. As a result, for cross-plane phonon transport, phonons that can be subject 
to coherent interference carry a more significant part of the heat, and wave effects may 
become significant. Cross-plane phonon wave effects have been reported theoretically 
using wave theory[65] and molecular dynamics[70,71] and experimentally in oxide 
superlattices[33]. Other techniques of enhancing thermal phonon wave effects involve 
modulating thermal conduction towards low frequency phonons through the use of 
alloying, impurity and structural defects, nanoparticles and regulating temperature 
[35,116,117]. In alloys, the mass-difference in the atomic lattice gives rise to diffuse 
scattering of short-wavelength phonons, restricting their ability to carry heat 
[116,117,144]. As a result, the relative amount of heat carried by long-wavelength phonons 
increases with respect to the pure materials. Phonons with long wavelengths (i.e. low 
frequencies) have large mean-free-paths and are more prone to undergo specular interface 
scattering, which increases the likelihood of developing extended modes and wave 
effects[63]. At low temperatures, the proportion of heat carried by long-wavelength 
phonons increases but for reasons different to those in alloying. In this case, high-frequency 
phonons are not thermally excited and therefore do not carry heat. The heat spectrum is 
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thus made of long-wavelength phonons, which are likely to scatter specularly at interfaces 
and develop extended modes and wave effects. Wave effects at low temperatures have been 
recently demonstrated experimentally in two-dimensional periodic porous materials 
[34,60].  
It is important to highlight that wave effects would appear for certain structures 
under certain conditions, and full characterization of the structures in terms of periodicity 
and interface roughness as well as temperature needs to be investigated to clearly establish 
when wave effects on thermal transport can develop in engineered nanosystems. Also, a 
comprehensive analysis would require a clear demarcation of the fraction of thermal 
conduction which is coherent and that which is incoherent and therein, highlighting the 
impact of coherent interference based wave effects on thermal conduction. 
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CHAPTER 5.  
CONCLUSION – SUMMARY AND OUTLOOK 
5.1 Summary of Findings 
A key element to understanding and predicting thermal transport in multilayered 
nanostructures is the phonon interfacial interaction mechanism. In this thesis, we have 
implemented a thorough treatment for the interfacial interaction by providing a rigorous 
analysis accounting for characteristics of phonons (frequency and incident angle), materials 
adjacent to the interface (acoustic impedance, dispersion mismatch) and interfacial 
structural characteristics (roughness and correlation length). We integrate this interfacial 
scattering mechanism along with a semi-classical transport formalism, namely the 
Boltzmann Transport Equation and study the thermal transport in layered semiconductor 
nanostructures composed of Si/Ge, GaAs/AlAs and their alloys. 
5.1.1 In-plane Heat Conduction in Superlattices 
We commence with studying thermal conduction in Si/Ge and GaAs/AlAs based 
superlattices in the in-plane thermal configuration and we move beyond computing thermal 
conductivity and also determine the thermal energy distribution based on phonon 
trajectories within the superlattice. We provided a detailed description of the amount of 
thermal energy carried by phonons restricted to a layer and those which are extended over 
multiple layers in the superlattice and denote the two categories as ‘layer-restricted’ and 
‘extended’ phonons respectively. We further segregate the ‘layer-restricted’ phonons 
depending on the interfacial interaction mechanisms into TIR-BSM, TIR-AIM and MFP 
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reduction and study their dependence on structural parameters of the superlattice such as 
period length and roughness. The results in this microscopic analysis provide new tools to 
manipulate the proportion of heat that is conducted in a single or multiple layers and can 
be utilized for the rational design of thermal systems. We also quantified the amount of 
heat that continually transmits in a superlattice after N reflections and transmission events 
for phonons and investigate the importance of this metric in being an essential step towards 
understanding coherent phonon effects in superlattices. We performed a spectral analysis 
by determining the frequency and MFP spectra and their dependence on period length and 
roughness. The frequency and MFP spectra can be utilized to design thermal devices based 
on superlattices as material platforms, as they allow to determine ballistic vs. diffusive and 
coherent vs. incoherent heat conduction regimes. The spectral analysis also provides 
guidelines on tailoring thermal conduction in devices and materials requiring a certain band 
of frequencies or MFPs. We supplemented this thermal analysis with a finite-sized 
nanostructure analysis to provide pathways to extend the work to real-word applications 
wherein superlattices do not have an infinite number of periods. Additionally, we also 
provided conductivity predictions for varying well and barrier widths in GaAs/AlAs alloy-
based superlattices. These findings can yield crucial inputs towards designing 
nanostructures with tailored thermal properties especially for optoelectronic applications. 
5.1.2 Cross-plane Transport in III-V Superlattices 
In contrast with the in-plane thermal conduction, we also evaluated thermal 
conduction in the through-plane configuration in III-V semiconductor superlattices. In 
addition to a structural, spectral and finite-sized-nanostructure thermal transport analysis, 
we contrasted the in-plane and through-plane conductivities and determined the anisotropy. 
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We studied the anisotropy as a function of period length and roughness. We found that, in 
general, interfacial scattering has a stronger effect on thermal conduction in the cross-plane 
configuration. We also observed a minima in the anisotropy as a function of roughness, 
due to the differential impact of interfacial scattering in the two configurations. The 
understanding of anisotropy can be applied to various thermal material designs, for 
instance, directional heat spreaders which require different rates of thermal conduction in 
different directions. We also explored the impact of alloying on the thermal conductivity 
and spectra of the superlattices and contrasted it with those of the pure superlattices. We 
found a shift towards lower frequencies due to alloying reducing the phonon relaxation 
time for high frequency phonons. We also performed a modal thermal conductivity analysis 
i.e. an in-depth study of the quantity of heat carried by different phonon modes and 
polarizations by plotting modes as a function of frequency and incidence angle. We 
determined the phonon energy distribution as well as trajectories within the superlattice. 
5.1.3 Film-on-Substrate Architecture 
A detailed investigation of interfacial phonon interaction led us to uncovering the 
phonon injection mechanism wherein thermal phonons originating in a medium coupled 
across an interface into another medium resulting in modulation of thermal conductivity of 
the two media. We inspected how interfacial and material properties as well as structural 
dimensions influence the effectiveness of the phonon injection mechanism. Next, we 
delved into an important application of phonon interlayer coupling – thin-film on substrate 
architecture. We quantitatively predicted how the phonon injection mechanism results in a 
significant modulation of thermal transport in a thin-film grown on substrate vis-à-vis an 
isolated thin film. In contrast to established thermal transport in nanomembranes, we 
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showed that it is possible to increase the in-plane thermal conductivity of a thin film by 
placing it on top of an appropriate substrate and that the thermal conductivity increases 
with decreasing spacing. In an unconventional result, we noted an increasing thermal 
conductivity with reducing thin-film thickness which can be attributed to the increasing 
volume fraction available for phonon injection. An important outcome was to note that 
thermal conductivity could be enhanced beyond the bulk value for that material which can 
have critical consequences in enhancing the efficiency of microelectronic and 
optoelectronic devices requiring swift thermal dissipation/removal of heat. Phonon 
injection-based thermal conductivity enhancement arises from an interplay of acoustic 
impedance mismatch, materials thermal transport properties, interfacial characteristics, and 
thickness of thin film atop the substrate. The spectral analysis for the FOS architecture 
provides that low frequency and large MFP phonons experienced enhancement to a larger 
extent owing to larger transmission coefficient at lower frequencies. The thermal 
conductivity enhancement spectra indicated that with increasing roughness, the trade-off 
between thermal conductivity reduction due to boundary scattering and that due to 
reduction in transmission could lead to a maxima in thermal conductivity enhancement for 
a specific roughness. Materials with closer dispersion relations yielded thermal 
conductivity enhancement over a broad MFP range when contrasted to materials with more 
distinct dispersion relations. The analysis of the FOS architectures suggests that 
experimental measurement of thermal conductivity of thin-films needs to account for 
thermal coupling between thin film and substrate and the consequent conductivity 
modification. This provides for the need to develop a rigorous conductivity read-out model 
for experiments. The FOS is a fundamentally important architecture which forms the basis 
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for numerous nanostructured semiconductor applications. Understanding and controlling 
thermal transfer for FOS opens new avenues for enhancing the efficiency of optoelectronic 
devices such as photodetectors and lasers. 
5.1.4 Interfacial Coupling Analysis 
We investigated the interlayer coupling between two materials while rigorously 
accounting for interfacial characteristics and accounting for dispersion and acoustic 
mismatch through a detailed mode-wise analysis of the transmission co-efficient between 
Si/Ge and GaAs/AlAs. We studied the impact of varying interfacial roughness and 
quantified the interlayer coupling by formulating an averaged transmission coefficient for 
interfaces. We investigated interfaces between Si/Ge, GaAs/AlAs and GaAs/Al0.1Ga0.9As, 
thus exploring the impact of varying acoustic impedance mismatch across an interface. 
These interfaces are widely found among nanostructures such as superlattices, FOS 
configurations and nanomembranes which find applications as photodetectors, lasers etc. 
We found that higher acoustic impedance mismatch led to interfacial features such as 
roughness having a significant role in determining transmission and coupling across media. 
We developed a microscopic comprehension of the coupling phenomenon through 
visualizing its immediate consequence of thermal conductivity modulation. Specifically, 
we examined thermal conductivity enhancement in FOS architectures through visualizing 
a spatial distribution of thermal phonon MFPs reaching a point within the nanostructure. 
We demonstrate clear signatures of thermal conductivity enhancement beyond the thermal 
conductivity of an identical isolated thin film and also the bulk materials under specific 
conditions. We provided visual illustrations of the impact of varying interfacial roughness 
and temperature on the spatial distribution of phonon MFPs. The analysis presented allows 
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us to quantify interlayer coupling which is vital in providing accurate thermal conductivity 
measurements and opens new avenues to modulation in thermal conductivity at the 
nanoscale. 
5.1.5 Thermal Phonon Wave Effects 
We outline the importance of studying superlattices in context of investigating 
thermal phonon wave phenomenon by distinguishing the two types of wave effects that 
phonons can exhibit in a superlattice structure. We classify them according to the phonon 
trajectories – ‘layer-restricted’ phonons can coherently interfere to give rise to quantum 
confinement or phononic quantum wells whereas ‘extended’ phonons can interfere to 
develop thermal band gaps. We highlight the importance of comprehending the energy 
distribution and the percentage of thermal energy that continues upon multiple interactions 
with the interfaces as being vital determinants of the impact of wave effects on thermal 
conduction. We provide a broad range of methodologies that can be implemented to 
enhance the significance of wave effects in superlattice nanostructures. These included 
cross-plane transport, use of alloying, impurity and structural defects and low temperature 
regimes. We emphasized that an accurate analysis of wave effects needs the specification 
of various structural and physical characteristics such as periodicity, roughness and 
temperature. Additionally, since thermal conduction consists of a broad spectrum of 
phonons, it would be of fundamental interest to quantify the fraction of heat that is subject 
to coherent wave effects and that which propagates through incoherent phonon 
interactions. 
5.2 Future Explorations and Outlook 
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The analysis presented in this work opens up new avenues and challenges in 
nanoscale thermal transport that would address further real-word applications and also 
deepen the fundamental understanding of phonon transport. 
5.2.1 Finite-sized Multilayers with Varying Layer Widths 
 
Figure 42. Schematic of a random multilayer consisting of alternating layers made of 
the same material. 
One of the ubiquitously found layered nanostructures is a multilayer with varying 
layer widths (Figure 42). This structure finds a plethora of optoelectronic applications such 
as QCLs, QWIPs, etc. [14,18,19]. An in-depth analysis and control of thermal transport in 
the cross-plane configuration for these devices is often crucial to enhancing efficiencies 
[24,25,30]. Additionally, such multilayer structures are also found in thermoelectric 
applications as well. An investigation of optimized structures for thermoelectric generators 
provided that Gaussian distribution of barrier widths in a multilayer structure resulted in 
 123 
highest thermoelectric efficiency at maximum output power [145]. A fundamental study 
looking to go beyond the random-alloy limit of thermal conductivity also found that 
thermal conductivity of a random multilayer was lower than that of a superlattice or alloy 
made of similar material composition [146]. Thermal transport analysis in these structures 
requires extending the interfacial interaction analysis, specifically the interfacial boundary 
conditions, and the use of principle of detailed balance. Typical devices with such 
structures have 10s-100s of interfaces and thereby, a rigorous computation of transport 
would require solving N x N matrices where N is of the order 101-102. Thus, a parallel 
processing algorithm to solve such huge matrices would be needed so that a detailed modal 
analysis can also be incorporated. It would also be intriguing to contrast these results with 
superlattices and study the anisotropy in multilayer structures as they could provide crucial 
inputs for thermal management in devices. 
5.2.2 Film-on-Substrate – Cross Plane Configuration 
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Figure 43. Schematic of cross-plane thermal transport in a film-on-substrate 
architecture. The arrow on the left shows the direction of the thermal gradient. The 
arrows in the figure show the phonon interactions influencing transport in the thin-
film. 
In section 3.3, we examined thermal transport properties in film-on-substrate 
architectures when the gradient was applied parallel to the interfaces between the thin-film 
and substrate. The similar architecture finds a plethora of application when the gradient is 
applied perpendicular to the interface as well (Figure 43). Not only in optoelectronic 
devices such as LEDs and photodetectors [89-92], but also experimental readout 
procedures from thermal measurement setups such as Time-Domain Thermoreflectance 
(TDTR) and Frequency-Domain Thermoreflectance (FDTR) employ the FOS 
nanostructure in the cross-plane configuration [94,147,148]. Thereby, this problem is 
crucial for achieving better devices and optimizing experimental readout techniques so that 
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they account for the substrate-film coupling. This problem can be addressed by integrating 
the cross-plane formalism for thermal transport in nanomembranes [149] with interlayer 
coupling mechanism [107] and accounting for the fact that substrates are much thicker than 
thin-films grown atop. A challenge to be resolved is the loss of structural symmetry which 
is in contrast with the configurations in nanomembranes and superlattices. 
5.2.3 Incorporating Wave Effects in the Boltzmann Formalism 
A crucial step in advancing the comprehension of phonon wave effects is to 
incorporate them within the Boltzmann transport formalism. The advantage of 
incorporating into a continuum formalism is the length-scaling associated i.e. one can 
quantitatively estimate the impact of wave effects at various characteristic length scales 
unlike atomistic formulations where in the simulation cell-size if often limited by 
computing abilities. The key lies in considering the dispersion relation and density of states 
modification while simultaneously accounting for phonon scattering due to interfacial 
roughness. A meticulous understanding of thermal phonon wave phenomenon necessitates 
a deeper analysis of the extent of dispersion relation modification that occurs when 
interfaces are rough. Current literature [36,60,64] discusses wave-like phonon transport 
only for perfect interfaces or low temperatures wherein the interfacial roughness is very 
small vis-à-vis the phononic wavelengths. The challenge is to develop a formalism wherein 
the approximation of perfect interfaces can be relaxed.  
Additionally, a broad spectrum of phonon wavelengths and mean free paths implies 
that there could be partial coherent and partial incoherent transport and thus it would be 
crucial to estimate the fraction of thermal conduction that is coherent and incoherent and 
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characterize the parameters that would indicate the dominance of either regime. A further 
spectral analysis would provide insights on which frequencies, wavelength and MFPs of 
phonons are more subject to coherent wave effects. This would help in further controlling 
the extent of thermal conduction by manipulating the fraction and properties of phonons 
which are subject to wave effects. 
Current studies in the literature indicate that a minimum in thermal conductivity of 
superlattices (with increasing period length) is attributed to wave effects occurring due to 
phonons interfering after reflection and transmission from multiple interfaces i.e. formation 
of “thermal band gaps”. It would be insightful to explore experimental methodologies and 
signatures that can capture the impact of “quantum confinement” (wave effects due to 
transport of phonons in a single layer) in multilayered nanostructures. In these 
investigations, it will be essential to distinguish ballistic transport from coherent transport 
when it comes to looking for experimental signatures of coherent transport. 
5.2.4 Experimental Validation of Thermal Transport Characteristics 
The thermal transport characteristics predicted in this work can be subject to 
experimental validation. Of vital interest would be experimental techniques that can 
provide thermal spectra such as the MFP and frequency spectra. Furthermore, our 
predictions of in-plane thermal transport behavior in FOS structures are unconventional 
(especially Al0.1Ga0.9As films on GaAs substrates show increasing conductivity with 
reducing thickness) and it would be vital to validate them experimentally. This would have 
consequential implication on thermal measurements’ experimental readout techniques. 
Typical readout techniques for thin-films grown on substrates do not account for interlayer 
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coupling. We posit that for materials with similar dispersion relations and low interfacial 
roughness, interlayer coupling would impact thermal conduction and as suggested by the 
predictions in section 3.4.1, they can exhibit trends which are in contradiction to the trend 
for isolated thin-films. 
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